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Summary
 
Several embryonic organs, such as the hair follicle, develop as appendages of the 
ectoderm, the outermost layer of the embryo. These organs develop as a result of 
reciprocal tissue interactions between the surface epithelium and the underlying 
mesenchyme. The fi rst morphological sign of a developing hair follicle is a thickening of 
the epithelium called a placode. Several major signaling pathways are important for the 
development of hair and other ectodermal organs such as Wnts, fi broblast growth factors 
(Fgfs), Transforming growth factor-beta (TGF), Hedgehogs (Hh) and tumor necrosis 
factors (TNFs). This thesis focuses on the role of TNFs in hair development and more 
particularly on one member of the TNF superfamily: Ectodysplasin (Eda). Mutations 
in Eda pathway components including the TNF ligand Eda, its receptor (Edar), and 
downstream effectors essential for activation of transcription factor NFB in mouse or 
human give rise to a disease called hypihodrotic ectodermal dysplasia (HED). HED is 
an inherited disorder characterized by impaired development of ectodermal organs such 
as hair, teeth and several exocrine glands. A hallmark of mouse HED (Eda null mouse) 
is the absence of primary hair placodes that form at embryonic day 14 (E14). In order 
to identify the direct target genes of Eda, we have performed a microarray analysis on 
genes differentially expressed upon short exposure to recombinant Eda protein on Eda 
null skin at E14. Several of the genes identifi ed belong to the major signaling pathways 
mentioned above and interestingly, include also six chemokines that have not previously 
been associated with hair follicle morphogenesis.
The purpose of this study was to validate whether the upregulated genes were truly 
transcriptional target genes of Eda/NFB and to study their functional relevance in 
ectodermal organogenesis, in particular in hair follicle development. Based on these 
studies, we were able to confi rm some Wnt pathway members, such as Dkk4 and Lrp4, 
TNF family member A20, and two chemokines, cxcl10 and cxcl11, as likely direct target 
genes of Eda. It is shown that whereas Dkk4 and Lrp4 are expressed in all ectodermal 
organs, A20 and the two chemokines seem to be hair follicle specifi c. Further study 
of Dkk4 and Lrp4 during development led us to conclude that Wnt and Eda pathways 
interact closely to fi ne tune the development of hair and other ectodermal organs. The 
role of A20 seems to be restricted to the termination of NFB signaling induced by 
the Eda pathway in hair follicles. The lack of cxcl10 and cxcl11 signaling during hair 
follicle formation leads to more widely spaced hair placodes. This work has revealed 
an important role of Eda during hair placode induction as a modulator of inhibitors and 
activators of the major pathways in order to direct the patterning of hair placodes.
In addition to Edar, an Edar-related TNFR named Troy is known to have an 
important role in hair placode formation; however, studies on some mouse models have 
suggested that additional TNFRs could be involved. Here I report also the earliest results 
concerning this enterprise.
Introduc? on
Hair development is a complex mechanism that still needs to be understood. Hair, teeth, 
mammary glands, and sweat glands are all skin appendages derived from the ectoderm, 
the outermost layer of the embryo. Hence, skin appendages are also called ectodermal 
organs and although their adult morphology differs greatly, their early development is 
quite similar both morphologically and molecularly (Mikkola, 2007). The initiation, 
development, and differentiation of all these organs depend on highly conserved 
pathways. This thesis aims at describing all the major pathways with a central role in the 
development of ectodermal organs, with focus on tumor necrosis factors (TNFs) and in 
particular one member of the TNF family: Ectodysplasin. Mutations in Ectodysplasin 
(Eda), its receptor, or its co-adapator gene in vertebrates give rise to malformations of 
many skin appendages including teeth, mammary and sweat glands, nails, and hair. In 
humans, malformations in three or more ectodermal organs characterize a disease called 
hypohidrotic ectodermal dysplasia (HED). Affected humans usually present sparse body 
and scalp hair, missing and/or malformed (conical) teeth, and reduced or absent sweating 
leading to hyperthermia, a life-threatening condition. The majority of human HED are 
inherited as X-linked recessive traits due to mutations in the EDA gene; hence, affected 
patients are mainly males. 
In order to study the importance of Eda and other major signaling pathways in hair 
development, our laboratory is using the mouse as an animal model. Our best asset 
is the Eda-defi cient mouse model Tabby, which has a phenotype that mirrors human 
HED syndrome as it shows one hair type missing, malformed hair shafts, misshapen 
and missing teeth, and malfunctioning, misshapen, or absent glands. Other spontaneous 
mouse strains Crinkled, Downless, and Sleek have a similar phenotype as Tabby and are 
caused by mutations in components of the Eda pathway. A characteristic of the Tabby 
phenotype is the complete absence of primary hair placodes, which translates in the adult 
into the complete absence of one type of hair. This thesis is based on experiments with 
Tabby skin, where Eda protein has been used to study the activation of Eda signaling and 
its downstream target genes in this process.
In this thesis, I give an overview of hair formation and cycling and the role of the 
major pathways in these processes. For clarity, I will concentrate on mouse development, 
as most of the research made in this area uses mouse as a model and conclusions 
concerning the interplay of the major pathways have primarily been made based on 
mutant mouse phenotypes.
1REVIEW OF THE LITERATURE
1 Ectodermal organ development
1.1 Origin of the ectoderm
Fertilization of the egg is followed by a series of mitoses and cleavage of cells in order 
to form the morula in mammals. During gastrulation, cells migrate simultaneously and 
form the multilayered body plan of a given organism.  Cells that will form the endoderm 
and the mesoderm migrate inside the embryo, whereas the ectodermal cells will form 
the outermost layer of the embryo and, during later stages of development, the neural 
tube, neural crest cells, and the surface ectoderm. The surface ectoderm layer will give 
rise to the epidermis, hair, nails, olfactory epithelium, mouth epithelium, eye lens, tooth 
enamel, and glands such as the mammary, sweat or meiboian glands. Therefore, these 
organs are called ectodermal organs.
1.2  Ectodermal organ development and morphogenesis
  
All ectodermal organs share common morphological features during the early steps 
of development. Initiation of ectodermal organogenesis requires the communication 
between the ectodermal epithelium and the underlying mesenchyme (Figure 1a). The 
fi rst sign of ectodermal organ formation is a local thickening of the epithelium called a 
placode accompanied by the condensation of the underlying mesenchyme (Figure 1b). 
The placode will thereafter invaginate into (hair, tooth, and mammary gland) or evaginate 
outward from the mesenchyme (feather). The fi rst signal initiating the development of 
the placode has yet to be discovered; however, it is thought that the mesenchyme sends 
this fi rst signal in all ectodermal organs except during tooth development (Dhouailly, 
1973; Kollar, 1970; Lumsden, 1988; Mina and Kollar, 1987)
To determine which tissue (epithelium or mesenchyme) is the source of the primary 
inductive signal in hair development, several tissue recombination studies have been 
performed. In short, tissue recombination involves the recombination of epithelium and 
mesenchyme isolated from different body regions of the mouse (hair-forming and non 
hair-forming regions) (Kollar 1970) or from different species such as chick and mouse 
(Dhouailly 1973). For example, Dhouailly’s interspecies tissue recombination studies 
showed that if the epithelium is collected from a region that will not form a hair follicle 
and recombined on chick mesenchyme from a feather-forming region, the epithelium 
will give rise to hair-like follicle structures. Similarly, hair-forming mouse mesenchyme 
(with pre-formed dermal condensate) combined with non feather-forming chick 
epithelium will induce feather-like bud formation. Hence, it seems that the mesenchyme 
gives the fi rst cues to the epithelium to form an appendage and that the epithelium is 
responsible for the identity of the skin appendage it forms depending on the species 
(Dhouailly, 1973; Sengel and Mauger, 1976). In tooth, tissue recombination studies 
showed that the fi rst signal inducing tooth formation is sent by the mandibular maxillar 
region (lower and upper jaw) epithelium and combining this mandibular epithelium onto 
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a non odontogenic mesenchyme led to tooth placode formation, whereas the reverse 
experiment did not (Mina and Kollar, 1987; Lumsden 1988).
This fi rst inductive signal tells the epithelium to make an appendage. Afterwards, 
as the epithelium starts forming a placode it sends a message to the mesenchyme to 
condense. The subsequent development and morphogenesis of each organ is specifi c. 
I will focus on mouse ectodermal organ development in the following paragraphs. The 
mouse is a mammalian animal model whose embryonic development takes about 20 days 
after fertilization. Therefore, I will refer to the different stages of mouse development 
according to the days post-fertilization and the aspects of limb development for more 
accurate timing (Martin, 1990). For example, hair follicle development starts at 
embryonic day 14 after fertilization (E14).
1.2.1 Mammary gland morphogenesis
The mammary placodes start to develop along two parallel milk lines around mouse 
embryonic day 11.5 (E11.5). The milk lines are detectable between mouse limbs 
around E10.5 before breaking into fi ve mammary placodes along the ventral lateral 
axis (Robinson et al., 2000; Sakakura et al., 1987). The most anterior mammary 
placode gives rise to mammary gland number 1 and so on towards the posterior part 
of the embryo. Each mammary placode pair appears sequentially during embryonic 
development: the fi rst mammary placode to appear is number 3, followed by 4, then 1 
and 5 simultaneously, and fi nally number 2 (Veltmaat et al., 2003; Veltmaat et al., 2004).
The mammary placode (Figure 1b) expands and invaginates into the underlying 
mesenchyme to form the mammary bud at E12.5 (Figure 1c).  The bud is surrounded 
by the primary mammary mesenchyme, which is composed of three to five layers 
of mesenchymal cells (Chu et al., 2004; Veltmaat et al., 2004). The secondary 
mesenchymal tissue located posterior to the bud also starts differentiating. This structure 
consists of pre-adipocytes and forms the fat pad precursor cells (Figure 1d) (Sakakura 
et al., 1982; Veltmaat et al., 2003). In the female mice, the mammary bud remains 
relatively quiescent from E14 to E16, when ductal morphogenesis starts. At this stage, 
a cord of epithelial cells grows down and passes the primary mammary mesenchyme 
to enter the secondary mammary mesenchyme fi lled with pre-adipocytes (Sakakura et 
al., 1982). Consequently, the mammary epithelium starts branching to form the initial 
ductal tree (Figure 1e) (Sakakura et al., 1982; Veltmaat et al., 2003). This ductal tree 
continues to branch at a similar rate as the body increases in size until female puberty 
(Watson and Khaled, 2008). During puberty, the ductal tree continues to branch due to 
hormonal cues until it fi lls up the fat pad; concomitantly, the mammary epithelium gives 
rise to the typical nipple structure (Foley et al., 2001). During pregnancy the mammary 
gland completes its development by inducing the formation of alveoli to produce milk 
during lactation. After pregnancy, the alveoli undergo apoptosis and disappear, leaving 
the mammary gland to resemble its original post pubertal stage (Hennighausen and 
Robinson, 2001; Watson and Khaled, 2008).
In the male mouse, mammary gland development is arrested at E14. In fact, as 
the bud forms, the male hormones (androgens) will induce the condensation of the 
mesenchyme around the neck of the epithelial bud until the connection between the 
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Epithelium
Mesenchyme
Placode 
formation
Bud 
stage
Morphogenesis
Tooth
Cap 
Bell
Mammary gland
Epithelium
Uncondensed mesenchyme
Condensed mesenchyme 
Fat pad precursor
Fat pad
Nipple sheath
Primary enamel knot
Secondary enamel knot
Dentine
Enamel
Bone
Blood vessels
Nerves
b
c
a
d
e
Adult organ
Induction
Figure 1. Main steps in the development of ectodermal organs such as mammary gland and 
tooth. All ectodermal organs develop as a result of reciprocal tissue interactions between the 
epithelium and the mesenchyme (a). The epithelium invaginates and induces the condensation of 
the mesenchyme (b). Further invagination results in the formation of a bud, the aspect of which 
varies according to the organ (c). Further morphogenesis specifi c to each organ (d) gives rise to 
the adult organ (e).
4Review of the Literature
epithelial stack and the underlying bud is severed (Dunbar et al., 1999; Veltmaat et al., 
2003). The anlage will thereafter undergo apoptosis; consequently, male mice usually 
have no mammary gland or only very rudimentary mammary trees (Dunbar et al., 1999).
1.2.2 Tooth morphogenesis
The mouse dentition is composed of only two types of teeth, the continuously growing 
incisor and three molars separated by a toothless region called the diastema in each jaw 
quadrant. The mouse also has conical incisors, which are able to grow continuously 
because they do not form a root. However, the beginning of the development of both 
types of teeth is similar until cusp and root formation. Hence, for the purpose of clarity, 
I will describe only molar development (for more information on incisor development, 
see Tummers and Thesleff, 2003; 2009).
The fi rst sign of tooth initiation is the formation of the dental lamina, a crescent-
shaped thickening of the epithelium that runs along the upper and lower jaws in the E11 
mouse embryo (Jernvall and Thesleff, 2000). One molar and one incisor placode appear 
at E12 in each quadrant of the upper and lower jaws within the dental lamina (Lumsden, 
1988; Mina and Kollar, 1987). The placode will grow down into the underlying 
mesenchyme in order to form the tooth bud around E13 (Figure 1c). The tooth bud 
then forms a cap-like structure at the junction between the epithelium and mesenchyme 
called the enamel knot (Figure 1d) (Jernvall et al., 1994). The enamel knot is a signaling 
center consisting of tightly compacted cells that do not divide, but instead signal to 
neighboring cells (Jernvall et al., 1994). Hence, neighboring cells proliferate and the 
epithelium broadens bucco-lingually, resulting in a cap stage tooth anlagen formation at 
E14 (Jernvall et al., 1994; Vaahtokari et al., 1996). At this stage, the epithelium forms 
the lateral cervical loops and encases the underlying mesenchyme called the dental 
papilla. Continued growth and folding of the epithelium result in the acquisition of 
the shape of the tooth crown during the bell stage. The fi rst enamel knot will undergo 
apoptosis (Vaahtokari et al., 1996) and secondary enamel knots will form during the bell 
stage to mark the future cusps of the tooth (Figure 1d) (Jernvall et al., 1994; Jernvall and 
Thesleff, 2000). The bell stage also witnesses the fi rst cell differentiation of the tooth, as 
epithelial cells closest to the mesenchyme will give rise to enamel secreting cells called 
ameloblasts. Mesenchymal cells closer to the secondary enamel knot will differentiate 
into odontoblasts specialized in dentin secretion (Ruch et al., 1995). Cells situated more 
centrally will form the dental pulp, which can regenerate the dentin after injury (Figure 
1e) (Magloire et al., 2001). 
1.2.3 Hair morphogenesis
The hair shaft protruding from the human scalp or skin is composed of terminally 
differentiated keratinocytes (trichocytes), which are tightly compacted into a fi ber. What 
is hidden under our skin, the hair follicle, is far more interesting. It is a sophisticated 
mini-organ not only responsible for hair formation, but its continuous cycling in a highly 
regulated and autonomous manner also generates new hair throughout life (Schneider et 
al., 2009). This means that the hair follicle is able to regenerate itself. Furthermore, it is 
5Review of the Literature
involved in skin regeneration during wound healing (Ito et al., 2005; Levy et al., 2007). 
The coupling of hair follicle with the sebaceous gland also plays a role in dispersion of 
sebum to lubricate and waterproof the skin and hair. 
Hair follicle induction mostly takes place during embryonic and perinatal development. 
Hair follicle development is divided into morphologically distinct stages (Figure 2)
 (Schmidt-Ullrich and Paus, 2005; Schneider et al., 2009). Here, I will focus on the key 
morphological appearances of the hair follicle during embryonic development and the 
fi nal composition of hair follicles.  
 Placode
Germ 
 Peg
Bulbous peg
Epithelium
Uncondensed mesenchyme
Condensed mesenchyme
Dermal papilla
Outer root sheath
Inner root sheath
Hair shaft
Matrix cells
Sebaceous gland (SG)
Bulge
SG
Hair canal
Bulb
a
b
c
d
Adapted from Schmidt-Ullrich and Paus, 2005
Figure 2. Main morphological stages in 
embryonic hair development.The first sign 
of hair development is the formation of the 
placode followed by the condensation of the 
underlying mesenchyme (a). The epithelium 
will further invaginate and form the germ, 
also called bud (b). During the peg stage, 
mesenchymal cells send a signal to induce 
differentiation of epithelial cells into hair 
matrix cells (c). During the bulbous peg stage 
(d), the bulb will develop along with the 
sebaceous gland and hair canal. Hair matrix 
cells differentiate into inner root sheath (IRS) 
cell populations and outer rooth sheath (ORS) 
cell populations.  
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The fi rst stage, placode formation, is characterized by the condensation of the basal 
cell layer of the epithelium. Hence, epithelial cells composing the placode become 
columnar and the mesenchymal cells condensate underneath the forming placode 
(Figure 2a) to form the future dermal papilla.  
The second stage is characterized by the appearance of the hair germ or bud (Figure 
2b). Epithelial cells proliferate and migrate deeper into the mesenchyme (Magerl 
et al., 2001) in order to form the hair peg (Figure 2c). The hair peg is characterized 
by differentiating epithelial cells. A stalk of mesenchymal cell gets trapped by the 
epithelium to form the dermal papilla. It is presumed that the dermal papilla sends the 
second mesenchymal signal to the surrounding epithelial cells in order to induce their 
differentiation. As a result, the cells surrounding the dermal papilla start dividing and 
form the hair matrix cells (Figure 2c) (Hardy, 1992; Millar, 2002).
In the bulbous peg stage (Figure 2d), the hair follicle bulb is formed. The postmitotic 
hair matrix daughter cells move upwards and differentiate either into hair cells (three cell 
types), inner root sheath (IRS) cells (three cell types), or a companion layer (Schmidt-
Ullrich and Paus, 2005). A cross-section of the mature hair follicle reveals up to eight 
concentric cell layers, each one of them expressing a different set of keratins (Sperling, 
1991). The three most central layers, the hair cuticle, cortex and medulla form the hair 
shaft. Formation of the hair canal is initiated in the bulbous peg stage and allows the hair 
shaft to reach the surface of the skin (Paus and Cotsarelis, 1999).  Along with the hair 
canal, the sebaceous gland will develop and mature around birth.
The fully developed hair follicle is composed of two parts: the “permanent” part, 
closest to the epidermis, which does not cycle, and a lower part anchored deeper in the 
dermis that comprises about two third of the follicle and undergoes phases of apoptosis 
and regeneration, thus called the “cycling” part (Figure 3). Notably, the bulge marks 
the end of the permanent region of the hair follicle. The lowest part is characterized by 
a bulbar region, which surrounds the dermal papilla, the bulb (Figure 3) (Hardy, 1992; 
Millar, 2002).
1.3 Hair cycling
Once the fi rst hair follicles are formed during embryonic development, the hair shafts 
grow and start forming mouse fur postnatally. The fi rst hair follicle cycle is initiated at 
day 17 postpartum as the cycling region of the hair follicle starts regressing through 
cellular apoptosis (Figure 3) (Botchkarev and Paus, 2003). This stage is called the 
catagen phase and continues until the dermal papilla reaches the permanent region and 
the hair follicle is only composed of the hair bulge, dermal papilla, the old hair shaft 
(club hair), and sebaceous gland. When the regression is complete, a population of cells 
belonging to the lower portion of the bulge will differentiate to form the secondary 
hair germ progenitor cells above the dermal papilla (Figure 3) (Ito et al., 2004; Muller-
Rover et al., 2001). The permanent region remains quiescent for several days during 
the fi rst telogen phase. At the onset of a new anagen, the bulge cells which contain stem 
cells regenerate the whole lower part of the hair follicle (Cotsarelis et al., 1990). These 
cells divide and differentiate to give rise to every cell layer comprising the mature hair 
follicle. The anagen phase corresponds to a period of hair growth; hence, the hair bulb 
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Figure 3. Key stages of the hair cycle. The hair cycle is divided into three phases: anagen 
(growth phase), catagen (regression phase) and telogen (resting phase). Postnatal hair follicle 
morphogenesis leads to the elongation of the follicle into the skin and production of the hair shaft 
which protrudes from the skin. Once the hair is mature and has reached its maximum length, it 
enters the catagen phase. The cycling portion of the hair follicle regresses through apoptosis until 
the most distal part, the dermal papilla, reaches the bulge where the stem cells reside. When the 
regression is complete, a portion of bulge cells will differentiate to form the secondary hair germ 
progenitor cells above the dermal papilla. This minimal unit will stay quiescent until the hair 
growth is reactivated. The club hair is shed at the exogen phase which can happen at anytime.
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8keratinocytes proliferates in order to form the hair shaft (Figure 3). This phase can last 
from one to three weeks in mouse and determines the maximum length of the hair shaft. 
The point of maximum hair length is called Anagen VI (Muller-Rover et al., 2001). In 
the next cycle, a new hair shaft forms and emerges through the hair canal while the club 
hair remains in the same socket, thereby contributing to the density of the fur coat. The 
exogen phase which gives rise to the shedding of the club hair is not fi xed, as the old 
club hair can be shed by mechanical forces or by an unknown molecular process at any 
time (Schneider et al., 2009). 
After injuries, such as depilation, bulge cells will undergo apoptosis. As a 
consequence, secondary hair germ cells will differentiate and give rise to every cell layer 
comprising the hair follicle (Ito et al., 2004). 
1.4 Mouse pelage hair types
The mouse fur is composed of four different hair types characterized by their shape, 
length and medullary composition (Figure 4) (Dry, 1926). These four types of hair 
are formed during three different waves of hair placode formation during embryonic 
development. The most prominent and least frequent hair type is guard hair, also called 
tylotrich or primary hair. It develops at E14 and represents between 2-10% of the mouse 
coat. Guard hair is straight and composed of two rows of medullary cells. Its length can 
vary from 0,8 to 1,2 mm and usually can be seen protruding from the mouse fur.  Guard 
hair is a singular hair type because of the 
presence of two sebaceous glands per hair 
and a larger bulb. The second types of 
hair forming around E16 are both awl and 
auchene hairs. Awl hair is the thickest hair 
on the mouse coat. It is composed of 3-4 
rows of medullary cells and is straight, 
whereas auchene hair has one bend. Awl 
and auchene vary from 0,5 to 0,8mm and 
account for 25-30% of the mouse fur. The 
most abundant hair type appears during 
the third wave of hair placode formation 
from E18 onwards. It is called zig zag 
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Figure 4. Different mouse hair types. The 
mouse fur is composed of four types of hair. 
The guard hair is the longest and composed 
of two rows of medullary cells. Awl hair 
is shorter and consists of 3 to 4 rows of 
medullary cells. Auchene hair has one 
bend and is also composed of 3-4 rows of 
medullary cells. The most prominent type of 
hair is the zig zag, which has 3-4 bends and is 
composed of only one row of medullary cells.
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hair and accounts for 60-70% of the whole fur. This hair type is responsible for the 
insulation of the mouse and usually is composed of 3 to 4 bends and only one row of 
medullary cells (Schlake, 2007).
2. Signaling pathways involved in ectodermal organ development
Many signaling pathways are involved in hair follicle and other skin appendage 
development. In this chapter, I aim to describe the most important ones. I will also 
briefl y describe the outcome of modulating these pathways (loss or over-expression) 
during mouse ectodermal organ development except for hair development, which will 
be discussed in chapter 5.
2.1 Wnt signaling pathway
 Wnt signaling is one of the most important pathways involved in embryonic 
development from gastrulation until organogenesis. In the adult it is responsible for 
maintenance of stem cell niches in many organs, and when deregulated may lead to 
cancer (Klaus and Birchmeier, 2008). The fi rst Wnt family member was discovered in 
mammals because of its role in cancer development, as the mammary tumor virus was 
shown to induce the expression of Integration1 (Int1) and cause mammary gland tumors 
(Nusse and Varmus, 1982). In Drosophila, a wingless (Wg) mutation during embryonic 
development deprives fl ies from developing wings (Nusslein-Volhard and Wieschaus, 
1980).  As these two genes were found to be orthologous, the pathway was later termed 
the Wnt signaling pathway (Clevers, 2006).
Nineteen secreted Wnt proteins have been discovered in mouse based on the 
conserved cysteine residues and genome sequencing. Wnt proteins are characterized by 
a highly conserved cysteine that needs to be palmitoylated by the secreting cell to allow 
targeting at the cell membrane (Willert et al., 2003). 
Wnt acts as a morphogen during development, which means that the protein is able 
to be secreted by the source cells and transported to form a long-range concentration 
gradient and act on distant cells in a concentration-dependent manner. The gradient 
triggers the expression of different target genes depending on different concentration 
thresholds sensed by the target cells (Wartlick et al., 2009). Because of Wnt protein 
insolubility, it has been postulated that this concentration gradient is mediated by active 
transport from the source cells, but the Wnt secretion mechanism remains unclear 
(Clevers, 2006).
The Wnt proteins signal through three different pathways: one canonical and two 
non-canonical pathways, also named planar cell polarity (PCP) pathway and Wnt/Ca2+ 
pathway mediated through receptor Ror2 or Ryk (Gordon and Nusse, 2006).
2.1.1 Canonical Wnt pathway
The canonical pathway is the most studied during development. It is based on the 
stabilization of -catenin in the cytoplasm of the cell followed by -catenin translocation 
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into the nucleus where it will induce the transcription of its target genes; therefore, this 
pathway is often referred to as the Wnt/-catenin pathway (Figure 5).
When Wnt signaling is not active, -catenin is associated with a degradation 
complex, which is composed of Axin, Adenomatous polyposis coli (APC), Glycogen 
synthase kinase 3 (GSK3) and Caseine kinase 1 (CK1). -catenin is then phosphorylated 
by the kinases and sent to degradation by the proteasome (Figure 5a) (Clevers, 2006; 
Price, 2006). In the cell nucleus, Tcf/Lef family members (Tcf1,-3,-4 or Lef1) act as 
transcriptional repressors by forming a complex with Groucho proteins (Cavallo et al., 
1998).
When Wnt signaling is activated, the secreted Wnt protein binds to its receptor 
Frizzled (Fzd), a seven-transmembrane receptor whose extracellular N-terminus contains 
a cysteine rich domain (CRD) responsible for Wnt binding effi ciency (Lin et al., 1997). 
In order to transduce the signal, the Wnt/Fzd complex also needs a single pass signaling 
molecule: the lipoprotein receptor related protein 5 or 6 (Lrp5/6) (Pinson et al., 2000). 
Fzd can bind to Lrp5/6 at the cell surface and, upon Wnt binding, transduces the signal 
to Dishevelled (Dsh), GSK3, Axin, APC and CK1. When the Wnt canonical pathway 
is activated, Dsh is recruited to Fzd and phosphorylated (Yanagawa et al., 1995), while 
Axin binds to Lrp (Mao et al., 2001; Tolwinski et al., 2003) thereby destroying the 
-catenin degradation complex. -catenin stabilized in the cytoplasm translocates into 
the nucleus and binds to a Tcf/Lef family member, displaces Groucho from the Tcf/lef 
complex and promotes the transcription of its target genes (Behrens et al., 1996). 
The R-spondin family members (Rspo 1-4) are secreted proteins that activate the 
Wnt canonical pathway by synergizing with Wnts to activate -catenin. It has recently 
been found that Rspo can bind to Leucine-rich repeat containing G-protein receptors 
4, 5 or 6 (Lgr4/5/6) in order to induce the canonical Wnt pathway through Lrp6 
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Figure 5. Wnt canonical pathway. When Wnt does not bind to its receptor, CK1 and GSK3 
phosphorylate -catenin, which is then targeted to the proteasome and destroyed. When Wnt 
binds to its receptor Frizzled (Fzd) and the co-receptor LRP, the complex activates the canonical 
pathway and Fzd phosphorylates Dishevelled (Dsh). LRP will recruit CK1, thus regulating 
the docking of Axin. The recruitment of Axin from the destruction complex will lead to the 
stabilization of -catenin in the cytoplasm and its translocation into the nucleus where it will 
displace Groucho from the TCF/Lef1 complex and trigger the transcription of its target genes.
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phosphorylation (Carmon et al., 2011; de Lau et al., 2011). Norrin is also an activator of 
Wnt pathway and binds specifi cally to Fzd4 in an Lrp5/6-dependent fashion (Xu et al., 
2004).
Several potent families of Wnt pathway inhibitors have been characterized, 
including Wise family members such as Sclerostin (Sost), Sclerostin domain containing 
1 (Sostdc1), and the Dickkopf family (Dkk1,-2,-4). Both families bind directly to Lrp5/6 
(Itasaki et al., 2003). Dkks utilize their transmembrane receptor Kremen to form a 
complex with Lrp and induce the internalization of the complex into the cell rendering 
Wnt pathway inactive (Mao and Niehrs, 2003). However, the inhibitory activity of Dkks 
depend on kremens present on the cell surface, for example, Dkk4 requires Kremen2 to 
internalize Lrp5/6 in vertebrates (Mao and Niehrs 2003). Dkk4 has also been shown to 
be induced by canonical Wnt signaling during ectodermal organ development (Bazzi et 
al., 2007; Sick et al., 2006). Frizzled Related proteins (FRPs) that present the same CRD 
domain as Fzd (Hoang et al., 1996) can function as soluble extracellular inhibitors of 
Wnt ligands or can stabilize Wnt proteins to promote the activation of the Wnt pathway 
depending on the context (Logan and Nusse, 2004).
2.1.2 Non-canonical Wnt pathways
The non-canonical Wnt pathway does not seem to have a role in gene transcription, 
but rather in cell motility, embryonic axis formation, and cell polarity. Although this 
pathway still involves binding of Wnt on Fzd, the co-receptors involved are different as 
are the pathways they activate afterwards.
Non-canonical PCP/Wnt signaling also requires signal transduction through Dsh. 
In vertebrates, Wnt5a is considered to be a “classical” non-canonical Wnt ligand and 
can form a complex with membrane bound receptor tyrosine kinase: Ror2 and Vangl 
induce PCP and limb development in mouse. Wnt5a/Ror2 or Fzd2-4,6 induce the Wnt/
Ca2+pathway, which is important for axonal path fi nding in the brain (De, 2011).
2.1.3 Role of Wnts in ectodermal organ development  
During ectodermal organ development canonical Wnt signaling is active at multiple 
stages from placode induction to organ morphogenesis (Andl et al., 2002). Wnt gene 
expression can be found in ectodermal organs such as hair, mammary gland, and tooth 
Wnt10a and Wnt10b are found in the placodal epithelium of hair, tooth and 
mammary gland (DasGupta and Fuchs, 1999; Reddy et al., 2001; Sick et al., 2006; 
Veltmaat et al., 2004). Lef1 expression is also found in those developing placodes both 
in the epithelium and mesenchyme (Kratochwil et al., 1996; Zhou et al., 1995).
Study of the Lef1 null mutant mice was the fi rst to show that Wnt pathway activation 
is important for ectodermal organ development, as tooth buds fail to further develop. 
Only the mammary gland placodes numbers 1, 4 and 5 are visible in the embryo but do 
not give rise to mammary glands in the Lef1 null adult (Boras-Granic et al., 2006; van 
Genderen et al., 1994).
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Overexpression of the Wnt/-catenin pathway can initiate tooth development on its 
own and induces enlarged and ectopic tooth placode formation (Jarvinen et al., 2006; 
Liu and Millar, 2010). Embryonic study of the mouse mutant showed abnormal tooth 
morphogenesis with extensive epithelial budding and supernumerary enamel knots 
(Jarvinen et al., 2006). 
2.2 Transforming growth factorbetaBone morphogeneƟ c protein pathway
Transforming growth factor beta (TGF superfamily members play important 
roles during embryonic development and morphogenesis by regulating cell growth, 
differentiation, and apoptosis (Yue and Mulder, 2001). 
The TGF superfamily contains more than 40 structurally related members, e.g., 
Tgfs, activins, Nodal, glial cell line neurotrophic factor (GDNF), and bone morphogenic 
proteins (Bmps), some of which are also referred as Growth and differentiation factors 
(GDFs) (Massague, 2000). Amino acid homology comparison between TGF proteins 
pinpointed highly conserved cysteine residues in the carboxyterminal region of those 
proteins (Pearce et al., 1999). The prototypic TGF isoform (Tgf1-3) and inhibitin 
 have nine cysteines, eight of which are involved in forming four internal disulfi de 
bridges important for protein stabilization while the remaining cystein forms interchain 
disulfi de bridges between monomers (Hinck et al., 1996; Mittl et al., 1996; Schlunegger 
and Grutter, 1993). Bmps and GDFs usually have seven cysteines, of which six cysteines 
residues form three disulfi de bridges responsible for protein stabilization. The active 
signaling molecule is typically formed through homodimerization requiring the seventh 
cysteine from each monomere to form a single interchain disulfi de bond required for 
their activity (Chim et al., 2011; de Caestecker, 2004). All proteins form these dimers 
except for GDF3, GDF9, and GDF9B (Bmp15), which lack the seventh cysteine needed 
for dimerization (McPherron and Lee, 1993). Bmp proteins can form heterodimers (e.g. 
Bmp2/7, Bmp2/6), which seems to be a more potent activator of the Bmp pathway than 
the homodimer (Little and Mullins, 2009; Valera et al., 2010). 
During embryonic development, the secretion of Bmp proteins is regulated by 
the diffusible binding proteins. Bmp proteins form a complex with Chordin (a Bmp 
inhibitor), which regulates the levels of expression of Bmp proteins by sequestration 
of the protein and promote the movement of Bmps in Xenopus embryos during the 
formation of the dorso-ventral axis, for example (Ben-Zvi et al., 2008). 
2.2.1 Signal transducƟ on
TGF superfamily ligands function in autocrine and paracrine manners and signal by 
binding to their cognate cell surface receptors (von Bubnoff and Cho, 2001).
TGF/Bmp canonical pathway
TGF receptors function as dimers that bind to two types of transmembrane serine/
threonine receptors: type I (e.g BmpRI) or type II (e.g BmpRII). In order to activate 
TGF pathways, both types of receptors need to be expressed at the cell membrane, as 
TGF proteins bind only to an heterodimeric complex composed of type I and type II 
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receptors to form the active heterotetrameric receptor complex (Groppe et al., 2008). 
TGF signaling is mediated via Smad (Mammalian homolog of Drosophila mother 
against decapentaplegic) family members, which transduce the signal and induce the 
transcription of TGF target genes (Massague, 2000).
In mammals, the Smad family is composed of three groups: receptor specific 
Smads (R-Smad also called Smad1, -2, -3, -5, -8), common partner Smad (Co-Smad 
also called Smad4), and inhibitory Smad (I-Smad, Smad6 and -7). Smad1, Smad5 
and Smad8 mediate signals from Bmps, whereas Smad2 and Smad3 transduce TGF/
Activin/Nodal subfamily signals (Li et al., 2003; Massague and Wotton, 2000). The 
TGF/Activin/Nodal type I receptor phosphorylates and activates the Smad2/3 complex. 
Phosphorylated Smad2/3 will in turn form a complex with Smad4 and translocate into 
the nucleus to induce the transcription of TGF target genes (Heldin et al., 1997; Lagna 
et al., 1996).
Signaling through Bmp receptors leads to phosphorylation of the Smad1/5/8 
complex, hence allowing complex formation with Smad4. Thereafter, the complex 
translocates into the nucleus and initiates the transcription of Bmp target genes (Heldin 
et al., 1997; Lagna et al., 1996).
Interestingly, Smad6 preferentially inhibits Bmp pathways, whereas Smad7 inhibits 
TGF/Activin/Nodal (Massague, 2000). Several secreted TGF family inhibitors have 
been identifi ed. Follistatin is an inhibitor of Activin and Bmp pathways and does so by 
sequestrating the ligands thus rendering them unavailable for their receptors (Sugino et 
al., 1997)1997. Noggin is an inhibitor of Bmp signaling along with Chordin and DAN 
proteins family members such as Gremlin, Dan, mouse cerberus-related protein (Cer1), 
and Dante (Pearce et al., 1999; Topol et al., 2000; Walsh et al., 2010). The inhibitor Tob 
seems to specifi cally antagonize Bmp2 signaling (Yoshida et al., 2000). 
Non-canonical Bmp pathway
The non-canonical Bmp pathway does not involve Smad protein recruitment and 
seems to depend on BmpRs situated at the membrane. Studies on Bmp2 signaling have 
suggested that if the receptors are preforming a dimer, it will trigger signal transduction 
via the canonical Bmp-Smad pathway, whereas binding to the BmpRI with subsequent 
recruitment of BmpRII activates the Bmp-MAPK pathway, which is involved in the 
control of cell proliferation, migration, terminal differentiation, and cell death (Nohe et 
al., 2002; Siegel and Massague, 2003). Once BmpR complex is activated it will recruit 
the intracellular adaptor protein XIAP, which binds to TAK1 binding protein (TAB1) 
to fi nally activate TGF activated kinase 1 (TAK1) (Yamaguchi et al., 1999). TAK1 
activates the Nemo-like kinase (NLK), which has been shown to inhibit phosphorylation 
of Tcf1/Lef1 transcription factors and downregulate Wnt/-catenin-dependent 
transcription (Ishitani et al., 1999). TAK1 also activates p38, which is involved in Bmp-
induced apoptosis (Shim et al., 2009; Zhang et al., 2000). Interestingly, Smads have 
been shown to bind TAK1 (Hoffmann et al., 2005), suggesting links between Bmp 
canonical and non-canonical pathways.
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2.2.2 Role of Bmp signaling in ectodermal organ development
Loss-of-function mutations in Bmp2, Bmp4, BmpRIa, Smad1, Smad4, and Smad5 lead to 
early embryonic lethality due to multiple defects in developing mesodermal, ectodermal, 
and endodermal derivatives (Hogan, 1996; Itoh et al., 2000; Whitman, 1998). During 
placode formation, Bmp2 is expressed in the epithelium, whereas Bmp4 and Noggin 
expression is detected in the mesenchymal condensate (Hens et al., 2007; Lyons et al., 
1990; Neubuser et al., 1997; Phippard et al., 1996; Vainio et al., 1993). In vitro studies 
have demonstrated that Bmp4 mediates the epithelial-mesenchymal interation during 
early tooth morphogenesis (Neubuser et al., 1997; Vainio et al., 1993). A study of a 
mouse mutant with an epidermal specifi c deletion of BmpRIa showed a delay in tooth 
development after bud stage followed by regression of the tooth structures at E16 (Andl 
et al., 2004). 
2.3 Hedgehog family
In mammals, the Hedgehog (Hh) family is composed of three proteins: Sonic Hedgehog 
(Shh), Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh) (Echelard et al., 1993). The 
Hh name comes from the “spiked” aspect of the Drosophila larvae cuticle lacking this 
gene (Nusslein-Volhard and Wieschaus, 1980). The Hedgehog signaling molecules are 
secreted proteins that signal in an autocrine and a paracrine manner in order to control 
morphogenetic activities during ectodermal organ development (Chuong et al., 2000).
The processing of Hh protein has been studied in detail and seems to require 
several steps to process the protein into an active form. The active form of Shh is highly 
insoluble as one of the modifi cations forms a C-terminally cholesterol modifi ed protein 
that binds to the plasma membrane (Porter et al., 1996). The fi nal step of maturation 
requires the acetyl transferase Skinny Hedgehog (Ski in Drosophila, HHAT in humans) 
to ensure the palmitoylation of the active protein (Buglino and Resh, 2008; Chamoun 
et al., 2001; Lee and Treisman, 2001). Despite its insolubility, Shh acts as a morphogen 
during neurulation and limb development, for example (Hammerschmidt et al., 1997; 
Ingham, 1998; Murdoch and Copp, 2010).
2.3.1 Hh signaling pathway
In the absence of Hh ligand, Patched (Ptc), a 12-pass transmembrane protein and 
Smoothened (Smo),  a seven-pass transmembrane member of the G-protein-coupled 
receptor (GPCR) superfamily form a complex preventing Smo from signaling to the 
cell. The mechanism by which Ptch represses Smo is currently unknown (Ingham et 
al., 2011; Taipale et al., 2002). In responding cells, Hh members bind to their receptor 
Ptc, (Stone et al., 1996). CDO (mammalian homolog of Ihog) proteins function 
as co-receptors with Ptc and are important for H h signal transduction (Huangfu and 
Anderson, 2006; McLellan et al., 2008). The interaction of Hh and its receptor induces 
the release of Smo from the Ptc/Smo complex and triggers its activation.  Smo activation 
modulates the repressor and activator forms of Gli zinc-fi nger transcription factors 
(Gli1-3 in mammals). In the “off” (Smo-inhibited) state of the pathway, Gli2/Gli3 
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are phosphorylated by protein kinase A (PKA), casein kinase 1 (CK1), and glycogen 
synthase kinase 3 (GSK3), targeting the proteins for proteaso me-dependent processing 
(Nagase et al., 2007; Walterhouse et al., 1999). 
All three Gli proteins have several signals for limited or complete proteolysis. 
Notably, degradation sequences (termed degrons) are found in Gli1 and Gli2 for binding 
to β-TrCP, an E3 adapter protein required for proteasome targeting  (Pan et al., 2006). 
These degrons are utilized differentially, as they are required for the destruction of 
Gli1, for either the processing or destruction of Gli2, and for the processing of Gli3 
(Bhatia et al., 2006; Huntzicker et al., 2006; Pan et al., 2006). Additional degrons are 
present in Gli1, which might utilize the Numb-Itch ubiquitination pathway or some other 
unidentifi ed mechanisms of degradation (Di Marcotullio et al., 2006).
Suppressor of Fused (Sufu) is a key negative regulator of the Hedgehog pathway 
that functions downstream of Smo. Sufu interacts with all three Gli proteins, and 
sequesters Gli1 and Gli2 in the cytoplasm (Dunaeva et al., 2003; Kogerman et al., 1999), 
or inhibits Gli transcriptional activation via recruitment of sin3-associated polypeptide 
18 (SAP18) and the histone deacetylation machinery (Barnfi eld et al., 2005). Sufu also 
promotes the proteolytic cleavage of Gli3 to form the Gli3 repressor (Kise et al., 2009) 
or interacts with full length Gli3 (Gli3FL) in the absence of Shh signaling (Hum ke et 
al., 2010).
2.3.2 Role of Hh in ectodermal organ development
Shh expression has been detected both in tooth and hair placode epithelium but is barely 
detectable in the mammary gland placode (Bitgood and McMahon, 1995). In later stages 
of tooth development, Shh is expressed in the enamel knot and ameloblasts (Koyama 
et al., 1996). Shh null embryos die before birth (Chiang et al., 1996); therefore, genetic 
studies on tooth development have been made using conditional knockouts such as Smo 
deletion in the dental epithelium. This study showed the importance of Shh signaling 
in regulating tooth morphogenesis, as the fi rst and second molar were fused in Smo 
transgenic mouse. Furthermore, the cusps were underdeveloped and misshapen (Gritli-
Linde et al., 2002). Genetic studies showed that repression of Hh signaling is needed by 
certain mammary gland placodes to acquire the mammary gland fate, as in the Gli3 null 
mouse where Hh inhibition is abrogated and is missing two mammary glands (Hatsell 
and Cowin, 2006).
2.4 Fibroblast growth factor pathway
Fibroblast growth factors (FGFs) are polypeptide growth factors with diverse biological 
activities during development, repair, and metabolism and they regulate a variety of 
cellular processes such as differentiation, proliferation, and migration. Fgf1 and Fgf2 
were fi rst purifi ed in 1975 from bovine pituitary gland (Gospodarowicz and Handley, 
1975). Since then, 22 members have been identifi ed and classifi ed according to their 
mechanisms of action (Fgf1-23). Fgf19 does not exist in mouse and rat, whereas Fgf15 
is absent from human. These Fgfs can be classifi ed as canonical Fgfs, intracellular 
Fgfs (iFGFs), and hormone-like Fgfs (hFGFs) and can employ intracrine, paracrine 
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and endocrine signaling, respectively (Itoh, 2010; Itoh and Ornitz, 2008). Paracrine 
or canonical Fgfs bind and activate Fgf receptors (Fgfrs), cell surface tyrosine kinase 
proteins, to mediate the corresponding biological response (Beenken and Mohammadi, 
2009).
Paracrine FGFs comprise Fgf1-10, Fgf16-18, Fgf20 and Fgf22. Most are secreted 
proteins with cleavable N-terminal signal peptides; however, Fgf9, Fgf16 and Fgf20 
have uncleaved bipartite secreted signal sequences (Koga et al., 1999; Miyake et al., 
1998; Revest et al., 2000). On the contrary, Fgf1 and Fgf2 are not secreted proteins but 
seem to be released from damaged cells or by exocytosis (Mohan et al., 2010; Nickel, 
2010). 
2.4.1 FGF canonical signaling pathway
Fgf ligand proteins exhibit a heparan sulfate glycosaminoglycan (HSGAG) binding site 
(HBS) in their structure. Paracrine Fgfs induce their signal by binding to and activating 
Fgfr in an HSGAG-dependent manner (Itoh and Ornitz, 2011).  Four Fgfr genes (Fgfr1 
-Fgfr4) have been identifi ed and give rise to seven tyrosine kinase receptor proteins 
by alternative splicing and exon skipping: (Fgfr1b, 1c, 2b, 2c, 3b, 3c and 4).  Each of 
these proteins have different ligand binding affi nities and are predominantly epithelial or 
mesenchymal Fgfrs (Beenken and Mohammadi, 2009; Itoh and Ornitz, 2011; Turner and 
Grose, 2010). A functional FGF-FGFR unit consists of two 1:1:1 FGF-FGFR-HSGAG 
complexes juxtaposed in a symmetrical dimer. Each ligand binds to both receptors and 
the receptors contact each other (Beeken and Mohammadi, 2009). During development, 
paracrine Fgfs seem to infl uence the intracellular signaling of neighboring cells. The 
range of action is determined by the affi nity of the ligand for extracellular matrix heparan 
sulfate proteoglycans (HSP) and the equilibrium between homo- and dimerization of the 
ligand (Kalinina et al., 2009). Fgf binding to Fgfrs induces receptor transphosphorylation 
to activate four key downstream signaling pathways: Phospholipase C-gamma (PLC
which stimulate the release of intracellular Ca2+; RAS-RAF-mitogen-activated protein 
kinase (MAPK); phosphatidylinositol 3-kinase/AKT (PI3K/AKT); and the Janus kinase/
signal transducers and activators of transcription (JAK/STAT) pathways. All three of 
these pathways are implicated in cell cycle, survival, migration and differentiation 
(Umbhauer et al., 2000; Bottcher and Niehrs, 2005; Itoh and Ornitz, 2011; Turner and 
Grose, 2010).
 
2.4.2 Role of FGFs in ectodermal organ development
Most Fgf genes have been disrupted by homologous recombination in mice. During 
early tooth development, Fgf8 has been proposed to compete with Bmp2/4 in order 
to commit cells from the mandibular arch to induce tooth development (Neubuser et 
al., 1997). When tooth placode is initiated, Fgfr2b regulates placode downgrowth as 
Fgfr2b-null tooth development is arrested at the bud stage (Celli et al., 1998). Fgf3 and 
Fgf4 seem important for tooth cusp formation hence tooth morphogenesis (Charles et 
al., 2009; Jernvall et al., 1994; Kettunen and Thesleff, 1998). During mammary gland 
development, Fgfr2b is expressed in the mammary epithelium, whereas its ligand, Fgf10 
is expressed in the lateral reaches of somites close to the future mammary placode site 
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(Mailleux et al., 2002). FgfR2b and Fgf10 have an important role in mammary gland 
induction as four mammary buds (number 1,2,3,5) fail to develop in both Fgfr2b and 
Fgf10 mouse mutants (Mailleux et al., 2002). Intertestingly, in the Fgfr2b null mouse, 
the remaining mammary bud number 4 undergoes apoptosis after initiation and is 
therefore not maintained (Mailleux et al., 2002).
3 The TNF superfamily
The TNF superfamily is composed of 18 genes giving rise to 19 protein ligands. The 
TNF receptors (TNFR) superfamily comprises 29 members in human and 27 in mouse 
(Figure 6) (Bodmer et al., 2002; Bossen et al., 2006). 
The TNF superfamily of ligands are type II transmembrane proteins, which 
mean that their N-terminus is intracellular. TNFs are active either as membrane 
bound or soluble proteins generated by proteolytic cleavage. TNF receptors (TNFR) 
are characterized by up to six Cysteine Rich Domains (CRDs). For example, B-cell 
activating factor receptor (BAFFR) has one CRD, whereas TNFRI and TNFRII have 
three (Figure 6). They usually form trimeric structures in order to convey their signal. 
Upon receptor stimulation, some TNFR superfamily members are cleaved from the cell 
surface, such as TNFRII and 4-1BB, or directly expressed as soluble forms if they are 
lacking the transmembrane domain (Bossen et al., 2006; Idriss and Naismith, 2000).   
Upon ligand activation, TNFRs recruit several intracellular adaptor proteins, which 
in turn activate different signal transduction pathways. Based on the adaptors TNFR 
recruits, the TNFR superfamily members are classifi ed into three different categories: 1) 
TNFR proteins containing a death domain (DD) in their cytoplasmic domain; 2) TNFRs 
lacking a death domain but having TNF receptor associated factor (Traf) interacting 
motifs; and 3) TNFRs that do not contain either of these domains (Figure 6) (Dempsey 
et al., 2003).
The first group (Figure 6) includes FAS (APO-1, CD95), TNFRI (p55), p75 
(NGFR), and Ectodysplasin Receptor (Edar) (Dempsey et al., 2003). The TNF receptor 
family member p75 is unique in that it binds neurotrophins that do not belong to the 
TNF family. DcR2 possesses a truncated DD, which does not allow transmitting any 
signal; however, DcR2 is involved in inhibiting DR4/DR5 signaling in human (Almasan 
and Ashkenazi, 2003; Yano and Chao, 2000).
The second group of receptors does not contain any DD but TRAF interacting 
motif(s) (TIM) in their intracellular domains (Figure 6). This group includes 
Lymphotoxin- receptor (LtR), Receptor activator of NFB (Rank), Glucorticoid-
induced TNF-receptor (Gitr), X-linked EdaA2 receptor (Xedar), and Troy. Only six 
TRAF proteins have been identifi ed (Traf1-6) (Grech et al., 2000). Although they do not 
seem to have any enzymatic activity, they are able to induce pathways involved in many 
cellular processes such as cell proliferation, differentiation, and cell death.
The third group of TNFR includes only Trail-R3 (DcR1), DcR3, and Osteoprotegerin 
(OPG). They are secreted receptors that seem to compete with the receptors from the 
two other groups (Figure 6) (Dempsey et al., 2003). 
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Figure 6. The TNF/TNFR superfamily. The TNF homology domain of the ligands are shown 
in pink and arrows indicate interaction with their receptors. The ectodomains of the TNFR 
superfamily are shown in green with their number of CRDs. Some of the receptors ligands are 
not known (?) or not part of the TNF superfamily (*). Receptor names in smaller font (DcR3 and 
DcR2) are not found in mouse. Receptor names in blue indicates the presence of a death domain, 
names in black highlight receptors with Traf interacting domain(s), and names in green represent 
receptors with no transmembrane domains.
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TNF family of ligands can bind to one or more receptors. However, four receptors 
are considered orphans as their identifi ed ligands do not belong to the TNF superfamily 
or are not known namely: p75, DR6, Troy, and Relt (Bossen et al., 2006). 
3.1  The death receptor signal transducƟ on pathway and the caspase cascade
As a common rule, activation of death receptors (DRs) induce the recruitment of 
adaptor molecules that also contain a death domain such as Fas-associated death domain 
(FADD) or TNFR-associated death domain (TRADD) (Ashkenazi and Dixit, 1998). 
These proteins contain one DD that will interact with the death receptor DD and one 
death effector domain (DED) that enables interactions with other DED bearing proteins 
such as procaspases. The most extensively studied death receptors are Fas, TNF-R1, 
DR4, DR5, and the recently emerged DR6 (Figure 6) (Nikolaev et al., 2009; Wajant, 
2003).
DRs can be divided into two categories based on the primary adaptor protein they 
bind to: Fas, DR4, and DR5 bind FADD directly and mostly have proapoptotic functions. 
Cell apoptosis by TNFRs proceed through three general steps. The fi rst step involves the 
binding of the ligand on its death receptor. The second step is the recruitment of adaptor/
docking proteins FADD by the DD, which, in turn, recruit the initiator caspases 8 (or 
caspase 10 in human cells) by interaction between DED contained in FADD and the 
prodomain of both caspases (Nikolaev et al., 2009; Scaffi di et al., 1999; Yang et al., 
2010). The complex thus formed is called death-inducing signaling complex (DISC). 
The third step induces the cleavage of executioner procaspases directly and leads to 
apoptosis of the cell (Figure 7) (Gonzalvez and Ashkenazi, 2010; Wilson et al., 2009).
TnfRI is an example of the other category as it can trigger apoptosis through protein 
serine-threonine kinase 1 (RIP1) or TRADD-dependant recruitment of FADD and 
caspase 8 or 10 (Wang et al., 2008). Tweak also seems to induce caspase pathway using 
FADD and RIP1 (Ikner and Ashkenazi, 2011).
The TNF pathway can make life or death decisions for the cells; therefore, it is 
important to tightly regulate its activation. This regulation is assured at numerous 
levels including the regulation of ligand/receptor expression, soluble decoy receptor 
expression, and anti-apoptotic ligand induction. One of these checkpoints is set by 
the protein silencer of DD (SODD), which can bind to TNFRI and DR3, and seems 
to prevent ligand-independent activation of certain death domains. SODD binds to 
the death domain of these receptors, thus inhibiting TRADD recruitment until ligand 
binding disrupts SODD binding and allows TRADD to take its place (Jiang et al., 1999; 
Walczak, 2011). 
Activation of caspase 8 or 10 can be disrupted by cellular FLICE-inhibitory (cFLIP) 
proteins. Three cFLIP isoforms are known and all contain DEDs that mediate recruitment 
to the DISC and all three isoform are able to prevent cell apoptosis. However, the long 
cFLIP isoform seems to also be able to promote or prevent apoptosis depending on the 
death ligand engaging the caspase cascade (Asaoka et al., 2011).
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Inhibitors of apoptosis (IAPs) also help controlling the induction of cell apoptosis 
by specifi cally inactivating effector caspases (Suzuki et al., 2001; Uren et al., 1996).
Interestingly, TNFRI does not primarily induce apoptosis, but more likely the 
activation of the Nuclear factor- (NFB) and transcription of its target genes, or the 
cJun N-terminal kinase (JNK) pathway that affects the actin cytoskeleton, and therefore 
cell polarization and migration (Mathew et al., 2009). TNFRI only signals death when 
protein synthesis is blocked or when the NFB pathway cannot be induced, such as 
when a mouse mutant does not have the RIP gene (Hsu et al., 1996; Kelliher et al., 
1998). 
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Figure 7. Pathways induced by the TNF family members.
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3.2 TNFR signaling pathway through TIM
Activation of TIM containing TNFR family members directly recruit Traf proteins 
leading to the activation of pathways like NFB, JNK, p38, Extracellular signal related 
kinase (ERK), and PI3K/AKT (Dempsey et al., 2003; Ha et al., 2009). The most 
studied Trafs are Traf2, 5, and 6 for their involvement in NFB pathway activation and 
ectodermal development. It is suspected that Traf2 also infl uences the non-canonical 
NFB pathway upon activation by LtR, CD40, and BAFFR by interacting with NFB 
inducing kinase (NIK) (Kanno et al., 2010; Malinin et al., 1997; Qing et al., 2005). 
RANK seems to activate NFB pathway using Traf 2, 5, and 6 (Darnay et al., 1998; 
Darnay et al., 1999). Traf3 has also been implicated in non-canonical NF activation, 
most likely following CD40 or BAFFR activation (Hacker et al., 2011). 
Traf6 does not only interact with TNFRs but also with TGF receptors and seems 
to induce its own signal transduction via binding to TGF activated kinase-1 (TAK1) to 
induce not only the JNK pathway but also the canonical NF pathway (Deng et al., 
2000; Landstrom, 2010).
3.3 The main TNFR signaling pathway: NF
All TNFRs can signal through NFAlso the NF signaling pathway plays a role 
in many of the biological functions mediated by TNFR family members and most 
importantly, Edar (Figure 7) (Hehlgans and Pfeffer, 2005; Maksimow et al., 2006). 
The mammalian NF family comprises fi ve members: p65 (RelA), RelB, c-Rel, 
NF1 (p50 and its precursor p105), and NF2 (p52 and its precursor p100). p105 and 
p100 are processed post-transcriptionally into p50 and p52, respectively. Both p50 and 
p52 subunit show a Rel-homology domain (RHD) which contains a nuclear localization 
sequence and is involved in dimerization with other Rels, sequence specifi c DNA-
binding, and interaction with their inhibitory I protein (Ghosh et al., 1998). NF 
proteins are present in unstimulated cells as homo- or heterodimers (e.g p50/p50 or 
RelA/p50). Interestingly, p50 or p52 homodimers function as repressors of transcription 
while dimers that contain RelA or c-Rel are transcriptional activators (Ghosh et al, 
1998). RelB heterodimers can act both as activators and inhibitors (Beg et al., 1992).
Processing of p100 or p105 does not lead to the transduction of the same pathway: if 
precursor is p105 is processed, it activates the canonical NF target genes transcription 
and if p100 is processed, then the non-canonical pathway genes will be induced (Silke, 
2011). Whether or not these genes are different is not actually known as downstream 
target genes of both pathways are still being discovered. The non-canonical NF 
pathway can be induced only by a subset of TNFR such as LTR, CD40, CD27, BAFFR, 
RANK and Tweak in vivo (Razani et al., 2011).
Canonical NFB pathway
The canonical NF pathway involves mostly the heterodimer p50/relA and is preferred 
by almost all TNF family members. 
In unstimulated cells, NFdimers are kept inactive by binding to members 
of the I family (most commonly I) via multiple ankyrin repeats (Moynagh, 
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2005). Activation of the NF pathway depends on I degradation, which occurs 
after phosphorylation on two key serines by I kinases (IKKs) that form a complex 
(Yamamoto and Gaynor, 2004). The IKK complex is composed of two I kinases: 
IKK and IKK that form the catalytic subunits and a scaffolding subunit IKK (also 
called NEMO) that is responsible for activating the NF canonical pathway (Rahighi 
et al., 2009; Tokunaga et al., 2009). Phosphorylation of I proteins precedes the 
binding of E3Iubiquitin ligase complex -TrCP-SCF, which then polyubiquitinates 
I proteins and targets them for proteasome destruction (Karin and Ben-Neriah, 2000). 
Once I proteins are degraded, NF will translocate into the nucleus in order to 
induce the transcription of its target genes (Figure 7) (Tergaonkar et al., 2005).
It was also shown that TNFRI also recruits Traf2 upon binding of RIP1 to TRADD 
and hence induces NFB activation of the caspase cascade (Figure 7) (Gentle and Silke, 
2011).
There are two major antagonists of NF signaling upon TNF activation: A20 and 
CYLD. A20, also known as Tnfaip3 (for TNF-associated inducible protein 3), is a zinc 
fi nger protein able to act as a feedback inhibitor responsible for the arrest of NF 
signaling after Tnf signal induction. Cylindromatosis (CYLD) is a deubiquitinylating 
enzyme that inhibits TRAF mediated ubiquitinylation and activation of NF (Harhaj 
and Dixit, 2011; Kovalenko et al., 2003; Shembade et al., 2010). It was recently 
suggested by Ting A.T that NEMO is also able to block caspase signaling by directly 
binding to RIP1, thus abrogating caspase 8 recruitment before NFB induces the 
transcription of anti-apoptotic genes (Eriksson and Vandenabeele, 2011).
3.4 ImplicaƟ on of TNF signaling in mediaƟ ng cell shape changes 
Studies postulated that TNF modulates cytoskeleton conformation through the 
regulation of Rho-family GTPases. The Rho-family GTPases Cdc42, Rac, and Rho are 
central to many signaling pathway that leads to cytoskeletal changes. In endothelial cell 
culture, induction of TNF seems to increase F-actin levels, stress fi ber formation, and 
cell contraction via a hierarchical activation of Cdc42, Rac, and Rho (Mathew et al., 
2009). Despite many studies pointing to the Rho-family of molecule as a downstream 
target of TNF, the exact pathway(s) implicated remains elusive. It is postulated that 
TNF does not require its usual adaptor such as Traf2 to induce such signaling (Puls 
et al., 1999). Therefore, JNK and NF pathways do not appear to be involved in 
cytoskeletal changes, but rather MAPK, PI3K or PLC1 and Ceramide (Hanna et al., 
2001; Kutsuna et al., 2004; Papakonstanti and Stournaras, 2004).
Some TNFR such as Troy and p75 seem to play a role in axonal growth cone 
collapse which depends on RhoA-dependent changes in the cytoskeleton (Gallo and 
Letourneau, 2004).  p75 has been shown to regulate RhoA activity in such processes by 
binding its ligand Nerve Growth Factor (NGF), which reduces RhoA activity (Park et 
al., 2006).
TNF signaling also seems to affect components of the cell-adhesion complexes, 
which mediate adhesive contacts between cells and their environment. For example, 
TNF treatment can increase the tyrosine phosphorylation of adherens-junction such as 
-catenins and integrins, and this modifi cation is mediated by either the Src-family kinases 
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(Angelini et al., 2006; Bouaouina et al., 2004) or by the JNK pathway (Nwariaku et al., 
2004). For example, in endothelial cells, TNF-mediated modulation of tight junction 
formation is correlated with changes in cell shape (McKenzie and Ridley, 2007).
3.5 Role of TNFRs during ectodermal organ development
Three TNFRs and two TNF ligands have been involved with ectodermal development 
so far namely Edar, Troy, TNFRI, Rank, and its ligand Rankl and lymphotoxin (Lt). 
Rank has been also associated with the formation of lymph nodes and osteoclastogenesis 
(Walsh and Choi, 2003; Yoshida et al., 2002). Both Rank and Rankl defi cient mice show 
osteopetrosis and no tooth eruption (Kong et al., 1999) due to the lack of co-ordination 
between odontogenesis and the underlying bone formation (Ohazama et al., 2004). Rank 
and Rankl are also involved in lobulo-alveolar development of mammary glands during 
pregnancy (Fata et al., 2000). Other TNFs and TNFRs are involved in hair development.
Edar and Troy are the most structurally closely related receptors with 33% 
homology in their extracellular domain (Kojima et al., 2000) and as revealed earlier 
they both induce NF pathway activation. Troy and Edar are part of two different 
TNFR groups as Troy has an intracellular TIM allowing the binding of TRAF2 and the 
activation of NF pathway (Hu et al., 1999; Kojima et al., 2000). Troy also induces 
the JNK pathway using its cytoplasmic domain (Hu et al., 1999) and can promote 
apoptosis although it does not seem to require caspase involvement but another unknown 
mechanism (Eby et al., 2000). Troy has long been considered as an orphan receptor as 
interaction studies have shown that it does not bind to any TNF ligand in vitro (Bossen 
et al., 2006). However, one study showed that co-transfection of Troy with Lt activated 
NFB, thus Lt could be the ligand for Troy (Hashimoto et al., 2008).
4 EdaA1 pathway 
4.1 Ectodysplasin 
The Ectodysplasin (Eda) gene is the most studied TNF family member during ectodermal 
organ development. The EDA gene was fi rst cloned in human in 1996 by Kere and 
colleagues (Kere et al., 1996). Once cloned in the mouse mutant for Eda (Srivastava 
et al., 1997), it was found to belong to the TNF superfamily of ligands (Copley, 1999; 
Ezer et al., 1999; Mikkola et al., 1999). There is high amino acid conservation between 
human and murine Eda proteins with an overall homology of 95% for both proteins and 
100% for the TNF domains.
The EDA gene spans approximately 425 kb of genomic sequence on the human 
X chromosome and encodes ectodysplasin A. A total of eight isoforms can be created 
by alternative splicing of the 12 exons. However, only two transcripts: Ectodysplasin 
A1 (EdaA1) and Ectodysplasin A2 (EdaA2) have been shown to have a biological 
function (Bayes et al., 1998; Cui and Schlessinger, 2006; Mikkola and Thesleff, 2003). 
EdaA1 is the longest transcript encoding a 391 amino acid protein. EdaA1 comprises 
a furine cleavage site, a collagen-like domain consisting of 19 Gly-X-Y repeats with 
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a single interruption, an HSPG-binding region, and a TNF homology domain (Bayes 
et al., 1998; Monreal et al., 1999; Srivastava et al., 1997; Swee et al., 2009). In order 
to bind to its receptor Edar, EdaA1 has to be released by proteolytic processing at the 
furin recognition site (Chen et al., 2001; Schneider et al., 2001). Further multimerisation 
through the collagen-like region has been shown and seems to be required for EdaA1 
function in vivo (Schneider et al., 2001; Swee et al., 2009). Interestingly, the distribution 
of EdaA1 protein is also regulated by its HSPG binding region, which may act as a 
modulator of Eda activity but also helps stabilize the protein (Swee et al., 2009). 
EdaA2 differs from EdaA1 by a two amino acid deletion due to alternative splicing. 
Interestingly, EdaA1 and EdaA2 do not bind to the same receptor, as EdaA2 uses the 
TNF receptor Xedar exclusively (Yan et al., 2000; Bossen et al., 2006). Structural studies 
of the receptor binding domains of EdaA1 and EdaA2 showed only 30% identity and the 
crystal structures revealed differences in electrostatic properties and protein surfaces, 
thereby giving an explanation for the different receptor affi nities (Hymowitz et al., 2003; 
Yan et al., 2000). So far, no role for EdaA2 during ectodermal organ development has 
been found (Gaide and Schneider, 2003; Mustonen et al., 2003; Newton et al., 2004). 
Therefore, I will mainly focus on the role of EdaA1 during hair and other ectodermal 
organ development and will from now on refer to EdaA1 as Eda.
4.2 Signal transducƟ on
 
Binding of Eda on its receptor induces the trimerization of Edar. Edar belongs to the fi rst 
class of TNFR superfamily (Figure 6), which means that Edar protein has a cytoplasmic 
death domain able to bind a specifi c death domain adapter protein called Edaradd 
(Headon et al., 2001; Yan et al., 2002). In turn, Edaradd recruits a Traf protein (Traf6 in 
vivo), which binds TAK1-binding protein 2 (Tab2) that links Traf6 to TGFactivated 
kinase (TAK1) (Figure 8) (Morlon et al., 2005; Naito et al., 2002). This association 
allows the activation and degradation of the IKK complex and canonical NFB pathway 
activation (Figure 8) (Koppinen et al., 2001; Headon et al., 2001; Yan et al., 2000; 
Zonana et al., 2000). 
NFB transcription factor activation is a key step for ectodermal organ development 
(Mikkola and Thesleff 2003). Furthermore, studies of the NFB reporter mouse revealed 
that NFB is active in many ectodermal organs such as hair, mammary gland, and tooth 
(Dickson et al., 2004). Interestingly, NFB activity in ectodermal organs was lost in the 
Eda null mouse and increased when EdaA1 cDNA was overexpressed in the epithelium 
during development (Schmidt Ullrich et al., 2006; Pispa et al., 2008; Mikkola 2007).
4.3 Eda pathway and HED in human
As mentioned previously, mutation of EDA in human gives rise to X-linked hypohidrotic 
ectodermal dysplasia (HED) (XLHED; OMIM305100), a disease that affects ectodermal 
organ formation. Here I present the characterization of this disease in human and the 
impact of other Eda pathway members in HED.
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Figure 8. Eda signaling. EdaA1 binds to its receptor Edar, which in turn binds to an adaptator 
molecule (Edaradd) through their death domains. Edaradd recruits Traf6, which in turn binds 
to TAK1 binding protein 2 (TAB2) and Tgf activated kinase 1 (TAK1). TAK1 then activates 
the IB kinase (IKK) complex, which in turn phosphorylates IB and target it to proteasome 
destruction, leaving NFB free to translocate into the nucleus and induce the transcription of its 
target genes. Proteins with their names in red give rise to HED when mutated.
Review of the Literature
26
4.3.1 EDA and XL-HED
 
A famous early description of this disease was made by Charles Darwin who wrote 
about the toothless men of Scinde (India). Darwin described the men of this village as 
showing very little hair on the body, only ten misshapen teeth in both jaws, and suffering 
much during hot weather from dryness of the skin (Darwin, 1875). Darwin noticed that 
the disease affected only male members of one family and left the females unaffected. 
However, the daughters of affected males transmitted the disease to their sons but the 
affected males never did so. This particularity was later characterized as a recessive 
mutation on the X-chromosome (Hutt, 1935; Kerr et al., 1966; Kere et al., 1996).
Later reports highlighted that the hypohidrosis or anhidrosis was a consequence of 
sweat gland malfunction or absence (Clarke, 1987; Clouston, 1929) causing signifi cant 
morbidity and mortality in affected children due to hyperthermia from their inability to 
sweat (Clarke et al., 1987; Gilgenkrantz et al., 1989). However, it seems that nowadays 
early recognition of the disease coupled with adequate instruction of the parents can 
greatly reduce the risk of morbidity and mortality during infancy (Bluschke et al., 2010). 
Tooth abnormalities include delayed primary and secondary tooth eruption, conical tooth 
crowns, and missing teeth (oligodontia), which lead to diffi culties with mastication, poor 
appearance, and speech impairment (Johnson et al., 2002; Tape and Tye, 1995). The 
hypotrichosis (few hair) includes sparse scalp hair that fall off early in life, missing or 
scanty eyebrows and lashes, and overall reduced body hairs (except pubic and beard 
hair) (Clarke et al., 1987). Over 30% of patients also have breast abnormalities and one 
case study reported a complete absence of breast (Clarke, 1987; Megarbane et al., 2008; 
Smith, 1929). Taken together, hypohidrosis or anhidrosis, hypodontia and hypotrichosis 
are all symptoms defi ning HED (Clarke et al., 1987; Pinheiro and Freire-Maia, 1994; 
Reed et al., 1970; Smith, 1929). Analyses of EDA mutation in HED patients showed that 
mutation either in the furin cleavage or the collagen-like or TNF-binding domain, give 
rise to HED (Cui and Schlessinger, 2006; Mikkola and Thesleff, 2003; Schneider et al., 
2001). 
Recent reports about X-linked non-syndromic hypodontia described hypomorphic 
mutations in Eda, which means that diminished Eda signaling affects mainly tooth 
development (Mues et al., 2009; Schneider et al., 2001; Zhang et al., 2011). 
4.3.2 EDAR, EDARADD and HED
In patients with HED, more than 100 different mutations in EDA, approximately 30 in 
EDAR, and a couple in EDARADD have been reported (The Human Gene Mutation 
Database: http://www.hgmd.cf.ac.uk). However, as the EDAR gene is present on 
autosomal chromosome 2 and EDARADD on chromosome 1, the genetic mode of 
transmission is different (Headon et al., 2001; Lamartine, 2003; Monreal et al., 1999). 
Mutations in EDAR account for one quarter of non X-linked HED, whereas mutations 
in EDARADD have proven to be rare (Chassaing et al., 2006; Chassaing et al., 2010). 
EDAR mutations usually give rise to either autosomal recessive transmission of the 
disease (Bashyam et al., 2011; Chassaing et al., 2006; Naqvi et al., 2011), although 
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autosomal dominant transmission has also been reported (Lind et al., 2006). EDARADD 
mutations only account for few autosomal recessive or dominant HEDs (Bal et al., 2007; 
Chassaing et al., 2010).
4.3.3 MutaƟ ons of downstream eﬀ ectors
HED has also been found in association with other defects associated with immune 
deficiency. Mapping of genes responsible for these forms of HED showed that 
downstream players of Eda pathways were involved.
 Hypomorphic mutations of NEMO (I), located on chromosome X, are usually 
responsible for XL-HED with immunodefi ciency (ID) (Courtois et al., 2001; Zonana et 
al., 2000). Patients with XL-HED-ID (MIM 200248) show hypohidrosis, sparse hair, 
and oligodontia but also immunodefi ciency, specifi c polysaccharid antibody defi ciency, 
and elevated serum IgM levels (Smahi et al., 2002; Smahi et al., 2000). Stop codon 
mutations of NEMO cause a more severe syndrome associated with osteopetrosis and/
or lymphoedema with HED-ID (OL-HED-ID, MIM 300301) (Dupuis-Girod et al., 
2002).  Males affected with XL-HED-ID or OL-HED-ID only suffer from hypomorphic 
mutations, which means that NFB signaling is just diminished (Smahi et al., 2002).
Amorphic mutation of NEMO leads to another syndrome called incontinentia 
pigmenti (IP, MIM 304300), a rare X-linked dominant genodermatosis. Affected patients 
have Blaschko linear skin lesions (Landy and Donnai, 1993) associated with HED and 
anomalies in the nervous system (frequent seizure). In this syndrome NEMO expression 
is completely abolished and cells from these patients are unable to induce NFB 
responses. However, symptoms of IP vary due to a skewed X-chromosome inactivation 
in certain tissues or within cell lineages where the normal counterpart is functionally 
important (Harris et al., 1992). Therefore, the mutated allele can be selected against and 
induce normal NFB signaling in some cell lineages. This explains why IP syndromes 
are mostly sporadic. However, IP patient cells with a mutation in NEMO are highly 
sensitive to TNF-induced apoptosis, which could account for the development of IP 
lesions (Smahi et al., 2002).
A case report in 2003 stated that a mutation in I caused HED with severe T-cell 
immunodefi ciency. This autosomal dominant form of HED-ID is due to impaired but 
not abolished I degradation resulting in impaired NFB signaling (Courtois et al., 
2003).
Recently, a woman was reported with a de novo mutation in TRAF6 that induced all 
the phenotypic features of HED (Wisniewski and Trzeciak, 2012). However, functional 
studies of the mutated protein were not conducted.  
4.4 Eda pathway and HED in mouse
Many of the mouse models used to study the role of Eda pathway during development 
are spontaneous mutations and like in human, the mouse phenotype was studied long 
before the responsible gene was cloned. In this chapter, I aim to describe Tabby, the Eda 
null mutant model for XL-HED, as well as Edar and Edaradd null phenotypes.
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4.4.1 XL-HED in mouse: Tabby
The Tabby phenotype, which corresponds to human XL-HED, was the fi rst sex-linked 
phenotype described in mouse (Falconer, 1952). The mouse phenotype has since been 
extensively characterized by us and others. The Tabby hair coat contains only one type 
of Awl-like hair in contrast to wild type (WT) mice and shows abnormalities in the 
hair medulla (Gruneberg, 1966b). They usually have a hairless tail with a kink at the 
tip, fewer sensory vibrissae, and also a patch of hairless skin behind the ears where zig 
zag hairs reside in WT mice (Falconer, 1952; Gruneberg, 1966b). This hair phenotype 
can partially be explained by the delay in hair follicle development seen in Tabby mice. 
In fact, no hair placode is developing before E16 (Hardy and Vielkind, 1996), which 
means that the fi rst wave of hair follicle formation that takes place around E14 in wild 
type (WT) mice and gives rise to guard hair in the adult is not induced in Tabby mice 
(Laurikkala et al., 2002). 
Tabby mice also have a tooth phenotype as the third molars and the incisors are 
occasionally missing with variable penetrance depending on the mouse strain studied 
(Gruneberg, 1966a; Kristenova et al., 2002; Pispa et al., 1999). The developing fi rst 
and second molars are reduced in size and their cusp size and number are also reduced 
(Grüneberg, 1966a; Pispa et al., 1999). This phenotype can be explained by the abnormal 
tooth development in Eda null mice, in fact, one day after the tooth placode has been 
induced, the Tabby molar placode looks smaller than in WT and later genes normally 
expressed in the enamel knot are marking a smaller area, meaning that the Tabby enamel 
knot is smaller than WT (Kangas et al., 2004; Laurikkala et al., 2001; Pispa et al., 1999). 
During the bell stage, the secondary enamel knots in Tabby fuse (Laurikkala et al., 2001; 
Pispa et al., 1999; Tucker et al., 2000). 
The Tabby mouse also shows a defect in more than 20 glands. For example, 
sweat glands are missing from their foot pads and lacrimal glands are smaller and 
malfunctioning (Blecher et al., 1983; Gruneberg, 1971). Minor salivary glands located 
in the submucosa of the tongue, cheeks, and palate do not develop in Tabby (Wells et al., 
2011). However, submandibular salivary glands do develop in Tabby but show decreased 
branching in in vitro culture (Haara et al., 2011). Also mammary glands show decreased 
branching in Tabby (Voutilainen et al., 2012). 
4.4.2 HED in mouse: Edar and Edaradd mutaƟ ons
In addition to Tabby, three other natural mouse mutants have been identifi ed with HED 
symptoms: Downless, Crinkled and Sleek (Sofaer, 1969a, b). Downless and Crinkled 
are autosomal recessive mutations, whereas Sleek is dominant (Crocker and Cattanach, 
1979). It was later confi rmed by genetic studies that Downless and Sleek mice have two 
different mutations in Edar (Headon and Overbeek, 1999) and the Crinkled mouse has 
a mutation in Edaradd (Headon et al., 2001; Yan et al., 2002). Therefore, mutations in 
either the ligand, receptor, or co-activator molecule causes the same phenotype, hence 
proving the importance of the Eda pathway for ectodermal organ development.
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4.4.3 MutaƟ ons of downstream eﬀ ectors
Several transgenic mice have been generated to study the importance of the Eda/NFB 
pathway. Schmidt-Ullrich and colleagues (2001) generated a transgenic mouse with 
I stabilized protein (which does not allow I to be targeted by the proteasome) 
under the promoter region of -catenin: the cIN transgenic mice. These mice show 
a loss of NFB activity in ectodermal organs that leads to HED syndrome (Schmidt-
Ullrich et al., 2001). Similarly, Ulvmar and colleagues showed that blocking NFB 
signaling in the epithelium during development also gives rise to HED syndrome 
(Ulvmar et al., 2009). Taken together, these studies prove the importance of NFB 
signaling in the epithelium during ectodermal organ development. Lack of Traf6 in 
mouse produces a skin appendage phenotype highly similar to the Eda null phenotype 
(Naito et al., 2002; Sinha et al., 2002), indicating that the Eda signal is transduced 
mainly by Traf6. Interestingly, TAK1 inhibition in keratinocytes leads to a defect in hair 
initiation and cycling (Sayama et al., 2010).
4.5  Role of Eda pathway in hair follicle development
Before the formation of hair placode, Eda is expressed throughout the epithelium. 
When hair placode formation is initiated at E14, Eda expression is localized to the 
interplacodal area. Concomitantly, the expression of its receptor will be restricted to 
the placodal epithelium where NF activity is also visualized; hence showing that 
Eda signaling occurs in the epithelium (Headon and Overbeek 1999; Laurikkala et al., 
2002; Schmidt-Ullrich et al., 2006). It is not yet fully understood what regulates the 
Eda and Edar expression pattern in the skin in vivo. The Wnt signaling pathway seems 
to infl uence Eda expression. Especially, Wnt6 was shown to induce Eda expression in 
skin explant culture (Laurikkala et al., 2002). In fact, a Lef1 binding site was found 370 
nucleotides upstream of the Eda transcription site and a promoter reporter study proved 
that this binding site could induce Eda expression in cell culture (Durmowicz et al., 
2002). Therefore, Eda could be a direct target gene of the canonical Wnt pathway in vivo 
as well. However, when this promoter region was cloned and placed in front of a LacZ 
reporter gene it did not direct lacZ expression to ectodermal organs (Pispa, 2004).
As soon as the hair placode is formed, two TGF members seem to be involved in 
restricting Edar expression in the developing placode.  ActivinA acts as an inducer of 
Edar expression in the placode, whereas Bmp4 seems to surround the placode to restrict 
Edar expression (Laurikkala et al., 2002; Mou et al., 2006).
In the Eda null mouse, the first wave of hair placodes fails to initiate at E14. 
Furthermore, crossing of NF reporter mice with Tabby or Downless mice showed that 
the NF activity in these mice is lost at this stage, thus showing that NFB activation 
is dependent on Eda pathway during placode formation (Pispa et al., 2008; Schmidt-
Ullrich et al., 2006). Interestingly, most of the placodal markers expressed in the WT 
mouse do not show any localized expression at E14 in the Eda or Edar null mouse 
(Andl et al., 2002; Headon and Overbeek, 1999; Laurikkala et al., 2002). However, 
careful histological studies on Eda pathway mutant mice have revealed the existence 
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of rudimentary primary placode structures termed pre-placodes (Schmidt-Ullrich et al., 
2006).
The expressions of Edar and Troy in ectodermal organ development are very similar 
(Kojima et al., 2000; Pispa et al., 2003). The double knockout for Eda and Troy does not 
show any sign of hair follicle formation until the third wave of hair follicle development 
around E18 (Pispa et al., 2008). However, in cIN transgenic mice with diminished 
NFB signaling, the secondary hair follicles develop normally suggesting that although 
the Eda/NFB pathway is important for the fi rst wave of hair follicle formation, the 
second and third wave may require another additive signaling pathway downstream of 
Eda and Troy (Schmidt-Ullrich et al., 2001; Schmidt-Ullrich et al., 2006; Pispa et al., 
2008). Troy can activate other pathways such as JNK (Eby et al., 2000), but the other 
pathway involved in the second wave of hair formation is yet to be discovered.
Generation of mice overexpressing EdaA1 cDNA in the ectodermal epithelium 
under the K14 promoter (K14-Eda) showed multiple defects in ectodermal organs 
including hair, mammary glands, and teeth (Mustonen et al., 2003). Two types of K14-
Eda transgenic mice were generated using the same cDNA construct: K14-Eda with 
straight and curly hair. In both transgenic mice, the hair placodes that formed at E14 
were increased in size and of irregular shape (Mustonen et al., 2004), giving rise in 
the adult to an increased proportion of guard-like hair (according to length comparison 
criteria performed on the K14-Eda straight) and all hairs presented a disturbed 
medullary structure (Mustonen et al., 2003). Surprisingly, hair placodes were produced 
continuously in the K14-Eda embryos; hence, new hair follicles were produced at 
E15, before the second wave of hair follicle formation that takes place at E16. The 
newly formed hair follicles were abnormally close to the previously formed ones and 
sometimes a fusion between hair follicles was observed especially in the K14-Eda curly 
mouse, an aspect never seen in the WT mouse (Mustonen et al., 2003). Also, transgenic 
mice expressing multiple copies of the entire Edar locus have larger primary hair 
placodes and a coarse coat in the adult (Mou et al., 2008).
Hairs of the K14-Eda mouse were overall longer than in WT due to a longer anagen 
phase during the fi rst hair cycle (Mustonen et al., 2003). This result, taken together 
with the Edar null mouse showing accelerated catagen entry, indicates that the Eda 
pathway may control hair follicle maintenance of anagen by regulating cell apoptosis in 
keratinocytes (Fessing et al., 2006).
During hair placode downgrowth, the Eda pathway seems to induce Shh, the Bmp 
inhibitor connective tissue growth factor (CTGF), and probably indirectly CyclinD1 
expression (Mou et al., 2006; Pummila et al., 2007; Schmidt-Ullrich et al., 2006).
5 Interplay of signaling pathways in hair formaƟ on
Our understanding of hair development and the importance of the above described 
pathways comes from studies on mouse mutants showing hair defects and ex vivo tissue 
cultures.  In this chapter I will give an overview of the important interplay between 
pathways that will give rise to hair: from patterning of the smooth embryonic skin until 
the regeneration of hair in the adult.
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5.1 PaƩ erning
One key mathematical model in developmental biology was formulated by Alan M. 
Turing in 1952. This model called the “reaction-diffusion” model aimed at understanding 
how an ordered pattern could rise from initially homogeneous tissues (Turing, 1952). 
Turing proposed a simple model where two substances homogenously distributed 
initially would interact to produce stable pattern that would correspond to regional 
differences in the concentration of both substances (Figure 9). This model implies the 
interaction of two substances: an activator and an inhibitor and it hypothesizes that the 
activator is able to induce itself and its inhibitor, which in turn will inhibit the activator, 
hence the term reaction (Figure 9a). In this model, the activator does not diffuse as fast 
as its inhibitor in the tissue, hence the term diffusion. Therefore, the expression of the 
activator will increase in one location and be downregulated in the vicinity (Figure 9b). 
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Figure 9. The reaction diffusion (Turing) model. This model is based on an activator  that is able 
to induce its inhibitor and its own transcription. The inhibitor diffuses faster than the activator 
in the tissue (a). The distribution of activator and inhibitor is  initially random. As the activator 
concentration increases locally, it produces more inhibitor, which diffuses to inhibit other 
activator peak formation in the vicinity (b). This results in a series of peaks at regular intervals 
that resemble mouse hair placode formation during embryonic development (c reference state). 
However, by tampering with the concentration of activator or inhibitor, the inhibitor range of 
inhibition is increased (More inhibitor) or decreased (More activator) and the fi nal hair placode 
pattern is affected.
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The reaction-diffusion model predicts alternating areas of high and low concentration 
of the activator and when the activator reaches a certain threshold, the cells will start 
differentiating in a certain way (Figure 9b). Therefore, only certain high concentrations 
of activator will induce differentiation of the cell, whereas lower concentrations will be 
overruled by the inhibitor. 
In 2006, Sick et al. used this mathematical model in mouse hair development to 
test if the canonical Wnt pathway and its inhibitor Dkk could account for hair follicle 
pattern formation in the mouse. They generated a mouse mutant overexpressing Dkk2. 
In this mutant, the over activation of the inhibitor changes the hair placode pattern which 
translates in the adult to sparser hair distribution (Figure 9c). Mou and colleagues (2006) 
studied the role of the Edar pathway in hair pattern formation but this issue will be 
discussed more extensively in the results and discussion chapter.
 
5.2 Placode formaƟ on
The Wnt pathway is one of the major regulators of hair placode formation, as inhibition 
of canonical pathway components using K14-Dkk1 leads to a complete blockade of 
hair follicle formation (Andl et al., 2002). Also, mice lacking Lef1 show an absence 
of the majority of coat hair follicles due to a 33% reduction of hair placode induction 
and a subsequent hair follicle morphogenesis arrest (van Genderen et al., 1994). 
Conditional deletion of -catenin in mouse during embryonic development also affects 
hair development, as hair placode formation is abolished in this mutant (Huelsken et 
al., 2001; Zhang et al., 2009). Comparatively, stabilization of -catenin in the mouse 
epithelium provoked precocious hair placode formation as early as E12.5 and the 
continuous induction of hair placodes afterwards (Narhi et al., 2008; Zhang et al., 2008), 
which corresponds to a previous study from Ouji et al., 2006 where administration of 
active Wnt10b on E10.5 epithelial skin induced precocious hair follicle formation two 
days later (Ouji et al., 2006). Stabilization of -catenin in the epithelium can overcome 
the lack of Eda pathway activation, as Eda -/-; -cateninstabilized/WT mouse mutants are able 
to induce the fi rst wave of hair follicle formation normally lacking in the Tabby mouse 
mutant (Narhi et al., 2008), thus suggesting that Wnt pathway signaling is downstream 
of Eda signaling and is necessary and suffi cient to induce hair placode formation. On 
the other hand, in vivo studies indicated that Wnt/β-catenin signaling is active before 
Eda in skin and is required for activation of the Eda pathway at the onset of hair placode 
formation (Mou et al., 2006; Zhang et al., 2009). Taken together, these studies show 
that Wnt is upstream of the Eda pathway during placode initiation and later on, during 
placode formation, Wnt signaling and the Eda pathway act in parallel (Zhang et al., 
2009; Narhi et al., 2008). 
The TGF family and especially its Bmp members have been shown to have a 
critical role during placode formation (Millar, 2002). In vitro skin culture studies 
showed that hair placode formation was inhibited by Bmp4 protein. Similarly, adding 
a Bmp2/4 antagonist like Noggin stimulates hair placode formation (Botchkarev et al., 
1999). Pummila and colleagues have shown that Noggin was able to restore hair placode 
formation in Eda null back skin (Pummila et al., 2007). Study of the Noggin null 
mouse showed that the number of hair placodes is decreased (Botchkarev et al., 1999; 
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Botchkarev et al., 2002) and grafting Noggin null skin on WT host showed that hair 
formation was not pursued in the adult (Botchkarev et al., 2002). Surprisingly, in this 
mutant the fi rst wave of hair placode formation occurs normally, but the second wave is 
affected by the loss of Noggin (Botchkarev et al., 2002). Interestingly, Lef1 was shown 
to be induced in WT skin treated with Noggin. Hence, it seems that Bmp signaling needs 
to be inhibited in order to allow hair placode formation and the activation of Wnt/-
catenin signaling at the site of placode formation (Botchkarev et al., 1999).
Fgf signaling was also shown to be important during hair placode formation, as 
Fgfr2b mutant mice show reduced hair placode formation (Celli et al., 1998; Petiot 
et al., 2003; Revest et al., 2000). Fgfr2b is expressed in the epithelium of ectodermal 
placodes and is activated by four known ligands, Fgf1, Fgf3, Fgf7 and Fgf10. The 
latter two Fgfs are expressed predominantly in the mesenchyme underneath epithelium 
expressing Fgfr2b (Mason, 1994; Ornitz et al., 1996; Orr-Urtreger et al., 1993). 
However, a more recent study localized FgfR2b expression in the interplacodal region 
of the epithelium (Richardson et al., 2009). In vitro studies showed that addition of 
Fgf7 on E13.5 embryonic skin inhibited the formation of hair placodes and that FgfR2b 
inhibition is crucial for hair placode initiation and localization of placodal inducers such 
as Lef1 of Shh (Richardson et al., 2009).
5.3 Hair follicle downgrowth
 
Shh plays an important role in hair follicle down growth. It is expressed in the epithelial 
condensate of the hair placode and Shh null mice initiate hair formation but further 
down growth and differentiation is abrogated. Hence, mature hair follicles fail to 
appear (Chiang et al., 1999; St-Jacques et al., 1998). Ptc1 and Gli1 are expressed in the 
placodal epithelium and mesenchyme, thus showing that Shh signaling is active in both 
compartments of the hair follicle (Dahmane et al., 1997; Ghali et al., 1999; Platt et al., 
1997). However, only Gli2-/- can phenocopy the Shh-/- hair phenotype, thus showing 
that Gli2 may be the main regulator of Shh signaling (Mill et al., 2003). Furthermore, an 
in vivo study showed that crossing a mouse expressing a constitutive Gli2 activator in 
the epithelium with a Shh-/- mouse was able to partially rescue the hair phenotype of the 
Shh-/- mouse. In fact, hair follicles were able to grow deeper and even showed follicular 
differentiation when Gli2 was activated. However, Gli2 activation only could not restore 
completely folliculogenesis in Shh-/- (Mill et al., 2003).
Hair downgrowth also seems to depend on two important molecules: activinA 
and follistatin. ActivinA is a signaling molecule expressed in the mesenchyme and in 
developing dermal papillae (Feijen et al., 1994). Follistatin is an inhibitor of activinA, 
which is expressed in the epithelium, the hair matrix cells, and ORS (Nakamura 
et al., 2003). This complementarity of expression seems to highlight a role in the 
epithelial-mesenchymal interaction during hair follicle development (Millar, 2002). 
Furthermore, studies of the activinA transgenic mouse, which overexpresses activinA 
in the epithelium, and follistatin null mouse showed a delay in hair development in 
vivo (Matzuk et al., 1995; Nakamura et al., 2003). Tissue cultures studies showed that 
while follistatin stimulates hair downgrowth, activinA inhibits this process. Therefore, 
it was proposed that activinA serves as a “brake” to stop further downgrowth of hair. 
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Follistatin, in turn, releases this inhibition by scavenging activinA hence, induces further 
downgrowth (Nakamura et al., 2003).  
Tgf2 is required for hair placode downgrowth as deletion of Tgf2 in mouse leads 
to delayed hair down growth but not initiation (Foitzik et al., 1999). Interestingly, Tgf2 
seems to induce proliferation of the bud cells during hair development by inducing 
Wnt/-catenin activation, which in turn downregulates E-cadherin and allows cells to 
proliferate (Jamora et al., 2005). 
 
5.4 Diﬀ erenƟ aƟ on of hair follicle compartments 
From the bulbous peg stage onwards (Figure 2), cells in the hair follicle differentiate 
to form the seven different epithelial layers composing the mature hair follicle. Several 
lines of evidence suggest a role for Wnt signaling during this stage, as Wnt reporter 
activity is visualized in hair shaft precursor cells as they begin terminal differentiation 
(DasGupta and Fuchs, 1999). These cells also express Lef1 and Dsh2 (DasGupta and 
Fuchs 1999, Millar et al., 1999), and Wnt3 is visible in the adjacent cells (Millar et al., 
1999). Wnt3 overexpression in mouse skin and hair follicle induces altered hair matrix 
keratinocyte differentiation leading to shorter hair formation (Millar et al., 1999). Lef1 
binding sites have also been found in the promoter regions of many hair shaft keratin 
genes (Zhou et al., 1995). Also, stabilized -catenin in epithelial cells showed that the 
Wnt/-catenin pathway promotes hair shaft-like differentiation of ectodermal cells, 
as hair follicles failed to develop normally and instead formed an invagination where 
keratinized material was accumulated (Zhang et al., 2008).
Increasing evidence suggests that Bmp signaling is also involved in the control 
of cell differentiation during hair follicle development. Bmp2, Bmp4, and Bmpr1A 
are broadly expressed in the epithelial and mesenchymal cells of the developing hair 
bulb, whereas the expression of Noggin is restricted to the dermal papilla and follicular 
connective tissue sheath cells (Botchkarev et al., 1999; Kulessa et al., 2000). Study 
of a transgenic mouse expressing the Bmp inhibitor Noggin under the Msx2 promoter, 
thus directing noggin expression to the hair bulb, showed that Bmps regulate hair shaft 
differentiation (Kulessa et al., 2000). Similarly, in vivo epidermal deletion of BmpRIA 
in the adult caused a defect in postnatal hair follicle differentiation due to lack of 
differentiation of both IRS and hair shaft (Andl et al., 2004).
Molecular regulators of hair lineages are secreted by differentiating cells to form the 
different compartments of the hair follicle. For example, Bmps and Shh are involved in 
the formation of inner root sheath cells (Andl et al., 2004; Kobielak et al., 2007), Sox9 
and Shh for outer root sheath (Gritli-Linde et al., 2007; Vidal et al., 2005), and Wnt/-
catenin, Bmps and Notch for the expression of certain hair shaft keratins and/or hair 
shaft development (Narhi et al., 2008; Zhang et al., 2008; Andl et al., 2004; Kobielak et 
al., 2003; Lin et al., 2000). 
Lymphotoxin is expressed throughout the epithelium at the onset of the placode 
formation stage and later is restricted to the matrix region of the developing hair 
follicle (Browning and French, 2002; Cui et al., 2006). Curiously Lt knockout mice 
do not show any striking hair follicle development defects, but a hair shaft formation 
impairment that differs from the Eda null phenotype (Cui et al., 2006).  
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5.5 Hair cycling 
Hair cycling has been studied in mouse as a very good tool to understand human hair 
cycling. Multiple molecular regulators have been identified using mouse mutants 
showing hair follicle cycling anomalies and by gene expression profi ling of distinct 
murine hair cycle stages (Lin et al., 2004; Stenn and Paus, 2001). However, the 
molecular mechanisms that drive the hair cycle clock remains obscure (Paus and Foitzik, 
2004). In this chapter I will give an overview of the importance of the above mentioned 
pathways in hair cycling and for a more detailed description about hair cycling I will 
direct you to reviews such as Hsu et al. (2011) and Shimomura and Christiano (2010).
Mapping of the gene responsible for the spontaneous mutation angora in mouse led 
to the identifi cation of Fgf5 as a key regulator of the anagen-catagen transition. In this 
mouse, the entry in catagen is delayed for several days, which accounts for the increase 
in hair length (Hebert et al., 1994). Additionally, TGF1 induces catagen onset, as the 
TGF1 knockout mouse also displays a delayed entry into catagen (Foitzik et al., 2000). 
The molecular crosstalk between downstream effectors of TNF signaling and keratin17 
(K17) may be in part responsible for controlling catagen entry by regulating apoptosis 
(Tong and Coulombe 2006). Additionally, ActivinA seems to play an important role 
in anagen-catagen transition as catagen is retarded in mice overexpressing Activin A 
(Nakamura et al., 2003). TNFRI seems to have a role in hair follicle cycling, as the 
TNFRI null mouse shows a delayed entry in catagen, most likely due to a defect in 
apoptosis induction prior the catagen phase (Tong and Coulombe, 2006).
The telogen or resting phase corresponds to a phase where morphologically the hair 
is quiescent. However, telogen coincides with major changes in gene activity, as showed 
by time course gene expression profi ling of different hair cycle stages (Lin et al., 2004). 
Hence, telogen is not as much a resting phase as a key stage of hair cycling control 
(Schneider et al., 2009). Telogen can be divided into two phases: a phase refractory to 
hair follicle growth characterized by upregulation of Bmp2/4 and a competent phase 
sensitive to anagen inducing factors characterized by the activation of Wnt/-catenin 
genes and downregulation of Bmps (Plikus et al., 2008; Schneider et al., 2009). It has 
been shown that application of Noggin to telogen skin induces the transition to anagen 
(Botchkarev et al., 2001). Similarly, activation of Wnt/-catenin in mouse during the 
telogen phase induces the entry of the hair follicle into the anagen phase (Van Mater et 
al., 2003). Transient activation of Shh also induces hair follicle anagen entry (Sato et al., 
1999). One of the most important steps to start anagen is the activation of stem cells. 
Although the molecular details remain unclear, it is very likely that Bmp and Wnt/-
catenin genes are the main players to control the balance between the quiescence of stem 
cells in telogen and activation in anagen (Fuchs 2007). The quiescence of stem cells 
seems to require the activation of Bmp signaling and the inhibition of the Wnt pathway 
via Tcf3 and Dkks while stem cell activation requires the activation of the Wnt pathway 
and expression of Bmp inhibitor in the dermal papilla (Fuchs, 2007).
During anagen, the dermal papilla will progressively move away from the bulge and 
the epithelial stem cell will re-adopt quiescence. However, stem cell progeny in the hair 
matrix will maintain the Wnt/-catenin pathway active throughout anagen (Van mater et 
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al., 2003). In the precortical hair matrix, the transient amplifying cells will stop dividing 
and start differentiating into the different lineage of hair follicle epithelium (Fuchs and 
Horsley, 2008; Schneider et al., 2009). Recently, Rank was shown to be expressed in 
the hair follicle germ, bulge stem cells of the adult hair follicle, and also the basal cell 
layer of the epidermis of mouse. A study of mouse lacking Rank showed that this TNF 
receptor is important for anagen re-entry after the fi rst hair cycle is completed, as Rank 
null hair cycling stopped at telogen (Duheron et al., 2011).
6 The chemokine family
Chemokines are mostly involved in the regulation of migration of various cells in the 
body, hence their name which stands for chemotactic cytokines. Chemokine ligands 
are small peptides (8-14kDa) and their receptors are G-protein coupled receptors. They 
are involved in immunological response by mediating specifi c leukocyte recruitment 
from the circulation to tissue compartments during infl ammatory episodes (Zlotnik and 
Yoshie, 2000). Recently, many other functions among which cell differentiation and 
division have also been reported (Rotondi et al., 2007). 
The chemokines are divided into four different groups depending on the position of 
the two N-termnal conserved cysteine residues: CC, CXC (X meaning any amino acid 
between cysteines), CX3C, or C. The nomenclature of their receptor follows the same 
logic so that CXC ligands most likely bind to CXC chemokines receptors (Zlotnik and 
Yoshie, 2000). Based on their expression patterns, the chemokines can also be divided 
into two groups: the “Infl ammatory chemokines” induced during the infl ammation 
responses and the “Homeostatic chemokines” involved in a broader range of function 
such as lymphoid organogenesis and general organogenesis (Zlotnik et al., 2006).
The binding of a chemokine to its receptor activates a series of downstream 
effectors that facilitate internalization of the receptor and signal transduction (Zlotnik 
and Yoshie, 2000). This leads to two main responses: integrin activation, which causes 
adhesion of cells, and polarization of the actin cytoskeleton. The latter allows directional 
sensing, cell polarization, accumulation of small GTPases, Rac, Cdc42, and PI3K at the 
leading edge, resulting in actin polymerization, and F-actin formation. Taken together, 
these changes cause actomyosin contraction and tail retraction leading to cell migration 
(Rotondi et al., 2007). The binding of ligands to their receptors can also induce other 
signaling systems, e.g., the tyrosine kinase receptor and Jak/STAT pathways. The CXC-
chemokine family is quite unique among chemokines because of their positive and 
negative activity on the control of angiogenesis.
6.1 cxcR3 pathway
The mouse cxcR3 receptor can bind three different ligands: cxcl9, cxcl10, and cxcl11 
(Cole et al., 1998; Farber, 1997). cxcl10, cxcl11, and cxcl9 are all called Interferon 
gamma (IFN)-inducible CXC-proteins and seem to usually be induced by IFN 
protein at the site of infection (Lacotte et al., 2009). However, other factors (such as 
TNF, IL1, LPS and some viruses) are also able to induce the expression of those 
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chemokines during the infl ammatory response (Muller et al., 2010; Shin et al., 2010). 
These three chemokines also show signifi cant structural homology, being more similar 
to each other than any other CXC-chemokines (Clark-Lewis et al., 2003). Furthermore, 
all three chemokines share the ability to induce the directional migration of activated 
and memory T-cells (Garcia-Lopez et al., 2001; Moser and Loetscher, 2001). Hence, 
these chemokines are considered as belonging to their own small subfamily. Additional 
complexity occurs due to the promiscuous interaction of both cxcR3 and its ligands with 
other chemokines (e.g., cxcl4) or receptors (e.g., ccr3) ((de Jong et al., 2008; Loetscher 
et al., 2001; Rappert et al., 2002). However, in general, the biological impact of these 
interactions still needs clarifi cation. Although the main function of the cxcR3 ligand is 
the stimulation of T-cell and NK cell chemotaxis, these chemokines also have a variety 
of non-chemotactic actions on T-cells, as well as other cells. These include, for example, 
stimulation and/or suppression of angiogenesis and defensin-like antibacterial activity 
(Muller et al., 2010; Romagnani et al., 2004).
One interesting example of cxcR3 pathway involvement in non-inflammatory 
processes is the role of the cxcR3 pathway during wound healing (Satish et al., 2003; 
Yates et al., 2007). Healing a wound is a really intricate process requiring fi broplasia 
to insure wound closure and epithelialisation. Fibroplasia is achieved by fi broblast 
migration and proliferation into granulation tissue followed by the sequential 
deposition of specifi c matrix components and fi nally contraction and remodeling in 
order to reconstruct the dermal layer. The epithelial barrier is reestablished also using 
proliferation and migration mechanisms, but from another type of cell: the basal 
keratinocytes, which will afterwards differentiate to reform the squamous epithelium. 
Studies demonstrate that these two processes are temporally linked (Satish et al., 2003; 
Yates et al., 2007). CXC-chemokines have been shown to be capable of inhibiting 
fi broblast motility by preventing the rear de-adhesion of cells (Shiraha et al., 1999), 
thereby converting movement to matrix contraction (Allen et al., 2002). cxcl10 seems 
to appear during this phase produced by neovascular endothelial cells (Engelhardt et al., 
1998), whereas cxcl11 is produced by basal keratinocytes in human (Tensen et al., 1999). 
cxcR3 was shown to be expressed and function on mesenchymal cells (Cockwell et al., 
2002; Shiraha et al., 1999). As these cxcR3 pathway members and their receptor were 
also found to inhibit endothelial cell proliferation and migration (Luster et al., 1995; 
Yates et al., 2007) and fi broblast migration (Shiraha et al., 1999). They were expected 
to also signal dermal maturation; therefore, cxcl10 and cxcl11 were both studied 
during wound healing processes and mainly cxcl11 was found to enhance keratinocyte 
migration and inhibit fi broblast motility during the wound healing process in vitro and in 
vivo (Yates et al., 2008). However, cxcl10 seems to also play this role but at lesser extent 
due to its lower affi nity for the cxcR3 receptor compared to cxcl11 (Zlotnik and Yoshie, 
2000). Studies of a cxcR3 null mouse showed the importance of the cxcR3 pathway 
in wound healing in vivo (Hancock et al., 2000). In fact, full thickness wounds made 
in this mutant seem to fail to re-form its epithelium properly due to the formation of a 
hypercellular epidermis, supporting the hypothesis that the cxcR3 pathway induces a 
signal to stop migration in order to start cell differentiation (Yates et al., 2009; Yates et 
al., 2007).
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6.2 HomeostaƟ c chemokines during embryogenesis
Interestingly, none of the mammalian chemokines except cxcl12 and cxcl14 possess 
clear orthologues in any other vertebrate class (Bleul et al., 1996; Campbell et al., 1998). 
cxcR4 is mostly involved in cell migration during embryonic development. Of all CXC-
ligands, cxcl12 is the most widely expressed in embryonic tissues, including the whisker 
pad mesenchyme (Belmadani et al., 2009), vessels, lungs, developing heart, and the 
developing central nervous system (McGrath et al., 1999). These fi ndings explain the 
phenotype of mice lacking cxcR4 or cxcl12 where numerous structures in the central 
nervous system as well as in the heart and large vasculature fail to develop normally 
owing to defi cits in progenitor cell migration, hence provoking the death of the embryo 
in utero (Ma et al., 1998; Zou et al., 1998). In zebrafi sh, the cxcl12/cxcR4 axis induces 
the neuromast deposition along the posterior lateral line (David et al., 2002). In this 
system, migration depends on the interaction between the chemokine cxcl12, which 
labels the path of migration, and its receptor cxcR4, which is present on the migrating 
cells (Dambly-Chaudiere et al., 2007; David et al., 2002). cxcl12/cxcR4 interactions 
also underlie other long-range migration events such as the movement of germ cells both 
in fi sh (Knaut et al., 2003) and in mouse (Molyneaux et al., 2003) and the migration 
of facial motoneurons in fi sh (Sapede et al., 2005). cxcl14, still an orphan ligand, is 
expressed at  multiple sites in the embryonic ectoderm, including hair and vibrissae 
(Banisadr et al., 2011; Garcia-Andres and Torres, 2010); however, the cxcl14-/- mouse 
does not seem to have any developmental abnormalities (Meuter et al., 2007; Nara et 
al., 2007).
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Aims of the study
The aim of this thesis was to study novel EdaA1 pathway target genes in order to better 
understand the gene interplays leading to the formation of hair. The specifi c aims were:
• To validate microarray results and analyze the specifi c expression patterns of newly 
found targets.
• To understand the function and role of those new targets during hair development.
• To identify other possible TNF pathways (apart from Eda and Troy pathways) 
involved in hair follicle formation.
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Materials and methods
Mouse strains Original publication Purpose of use
NMRI I, II, III Analysis of expression patterns of 
genes of interest 
C57Bl/6 III Crossings with cxcR3 null mouse
CxcR3tm1DgenJ in C57Bl/6 
background
III Analysis of the mutant phenotype
Eda null in B6CBA background I, III Analysis of genes of interest 
expression pattern and hanging 
drop experiments
K14-Eda in Fvb background I, III Analysis of genes of interest 
expression pattern and analysis 
of cxcR3 null; K14-Eda double 
mutant hair phenotype
A20EKO in C57Bl/6 background II Analysis of the mutant phenotype
Materials and methods used in this thesis are described in the original publications.
Material or Method Original publication 
Genotyping by PCR II, III
Hair type analysis II, III
Hanging drop experiment I-III
Histological analysis I, II
Immunohistochemistry II
Microarray experiment and analysis I, III
Probe synthesis I- III, UD
Promoter region cloning I, III
Quantitative RT-PCR I-III, UD
Radioactive in situ hybridization III, UD
Scanning electron microscopy II
Statistical analysis II, III
Southern blotting II
Tissue culture and bead experiment I-III
Transfection assay I- III
Transmission electron microscopy II
Western blotting II
Whole mount in situ hybridization I-III
Xgal staining I, II
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Probes synthesized or used for those studies and unpublished data (UD):
Gene NCBI reference Probe localization Reference
A20 NM_009397 bp 3223 to 3879 III
BCMA NM_011608 bp 53 to 528 This work
Ccl20 NM_001159738.1 bp 77 to 313 III
Cd27 NM_001033126.2
NM_001042564.1
bp 568 to 981
bp 269 to 669
This work
cxcl1 NM_008176.3 bp 15 to 625 III
cxcl2 NM_009140.2 bp 140 to 746 III
cxcl9 NM_008599.4 bp 259 to 752 III
cxcl10 NM_021274.1 bp 49 to 695 III
cxcl11 NM_019494.1  bp 29 to 705 III
cxcR1 NM_178241.4 bp 468 to 1085 III
cxcR2 NM_009909.3 bp 1140 to 2006 III
cxcR3 NM_009910.2 bp 612 to 1179 III
cxcR4 NM_009911 bp 11 to 557 III
cxcR5 NM_007551.2 bp 1033 to 1686 III
cxcR6 NM_030712.4 bp 194 to 1026 III
cxcR7 NM_007722.3 bp 626 to 1138 III
Dkk4 BC018400 bp 114 to 1107 I
Edar Laurikkala et al., 2001
GITR NM_009400.2
NM_021985.2
bp 113 to 975 This work
Lrp4 NM_172668 bp 60 to 883 I
Shh Vaahtokari et al., 1996
Sox4 NM_009238 bp 1111 to 1468 III
Sox9 Wright et al., 1995
TnfR1a NM_011609.4 bp 537 to 1087 This work
Wnt10b Wang and Shackleford, 1996
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Results and discussion
1.   Eda induces genes in all major pathways involved during 
development (I, III)
DescripƟ on of the microarray
In 2004, our laboratory showed that adding the Fc-EdaA1 protein onto E13 Eda null skins 
allows rescuing of the Eda null phenotype and induces the formation of hair placodes 
one day after addition of the protein into the culture media (Mustonen et al., 2004). This 
experiment showed that the Fc-EdaA1 protein is suffi cient to induce its own pathway 
and its downstream target genes in vitro. In 2007, Pummila et al. showed that it was 
possible to identify Eda target genes by adding Fc-EdaA1 on E14 skins for few hours 
using the hanging drop technique (Pummila et al., 2007). This technique takes advantage 
of the relatively big E14 back skin, which allows us to cut this organ into two halves and 
use one half as a control and the other half as a treated sample. This way it is possible 
to analyze genes differentially expressed after Fc-EdaA1 induction in the same embryo. 
Using this method, Pummila et al. showed that a known feedback inhibitor of the Eda/
NFκB pathway is expressed at the site of Edar in the hair placode: IκΒα (Schmidt-Ullrich 
et al., 2006) was rapidly upregulated upon incubation with EdaA1 protein already 1h 
after induction and its expression reached its maximum at 4h (Pummila et al., 2007). 
In order to identify the direct target genes of Eda, we used this technique combined 
with a genome wide microarray screen of the mouse genome. We decided to use two 
time points: 90 min and 4h to detect the immediate effects of EdaA1 protein addition 
on gene expression. The Affymetrix® microarray chips used contained approximately 
14,000 mouse probes. In our settings, only probes showing a >1.5-fold difference and 
p-value <0.05 were considered as putative transcriptional target genes. An upregulation 
in 23 probes representing 22 genes was observed after 90 minutes and in 168 probes 
representing 126 known genes after 4h, only 2 genes downregulated after 1,5h and 44 
after 4h. Of the 22 genes upregulated after 90min, 16 were upregulated also after a 
4h Fc-EdaA1 treatment (see Table 1.for description of some of the genes). The genes 
upregulated by Fc-EdaA1 included IκΒα, and TGFβ family antagonists CTGF and 
follistatin that had previously been shown to be induced by Eda by qRT-PCR (Mou et 
al., 2006; Pummila et al., 2007), indicating that the approach was successful.
  
Comparison with other screens aiming at Eda target gene idenƟ fi caƟ on
Other genome wide studies aiming at discovering Eda target genes have been performed, 
but showed very different gene lists. These differences may be attributed to the different 
techniques used to discover Eda target genes. In fact, other groups have either compared 
the expression of genes in the adult skin of mice with altered levels of Eda expression 
and compared it to WT (Cui et al., 2002) or more recently have analyzed differentially 
expressed genes at various developmental stages in WT vs. Eda null skin (Cui et al., 
2006). These two studies also aimed at discovering genes differentially regulated by 
Results and discussion
43
the Eda pathway but comparison between adults or embryos is likely to refl ect some 
compensation mechanisms for the loss of Eda, as well as some functions in the 
maintenance of skin appendages in adult mice (Cui et al., 2002).
Schlessinger’s laboratory found that members of the Shh signaling pathway were 
differentially expressed between Eda null and WT skin (Cui et al., 2006). Pummila et 
al., also showed that Eda induces a rapid response from Shh (Pummila et al., 2007). 
However, our microarray did not list Shh as a potential Eda target. In fact, Shh showed 
an upregulation greater than 1,5 in two of the three microarrays; however, the p-values 
associated with each fold of inductions were too high to pass through the fi lters applied 
to the microarray and Shh was excluded from our gene list.
 Looking back at the microarray results, it seems that Ptc2 was upregulated after 
4h in two of the three microarrays we performed. Ptc2 was not reaching the 1,5 fold 
induction threshold, thus, while combining all three folds, Ptc2 induction was too low 
to allow it to belong to the list. However, some common genes were identifi ed by both 
approaches such as Ltβ and Dkk4 (Cui et al., 2006). Dkk4 will be discussed in more 
detail in the next chapters.
Overview of diﬀ erenƟ ally expressed genes 
Differentially expressed probes represented genes in many signaling pathways: Wnt, 
fi broblast growth factor (Fgf), transforming growth factor β (TGFβ), TNF superfamily, 
and other families such as epidermal growth factor (Egf), chemokines, SRY-box 
containing genes (Sox), and cell adhesion molecules (CAMs) (Table 1).
 Several TNF superfamily members were upregulated after 4h of induction by 
Eda (Table 1). Expression of Edar was upregulated as previously shown by qRT-PCR 
in embryonic skin explants (Mou et al., 2006). Eda pathway activation also seems to 
activate other TNF ligands such as TNFα and TNFRs such as Fas, Tweak, and GITR, but 
their involvement in ectodemal organ formation is yet to be addressed. As Eda signals 
mostly through NFκΒ, we expected to see the upregulation of different NFκΒ pathway 
components such as p50 and IκΒα to prove the induction of the Eda pathway by the 
protein (Table 1) (Pummila et al., 2005). A20, a NFκB feedback loop inhibitor (Shembade 
et al., 2010), was also upregulated. qRT-PCR analysis showed rapid upregulation of A20 
(Table 1), which together with the fact that A20 is a known target of NFκB pathway 
(Verstrepen et al., 2010), indicates that it is likely a direct transcriptional target of Eda. 
Furthermore, we also demonstrate that EdaA1 protein was able to signifi cantly induce 
A20 protein levels in WT back skin epithelium as revealed by Western blot analysis.
Icam1 and MadCAM1, two cell adhesion molecules, were upregulated after 4h 
incubation with the protein Fc-EdaA1. Both genes were previously highlighted as 
potential Eda target genes (Nishioka et al., 2002). This experiment was based on the 
expression patterns of Icam1 and Madcam1 in the E14 mouse embryo. Both genes showed 
a patterned expression in the E14 embryo at the site of Edar expression. Interestingly, 
this expression was lost in both Eda null and Traf6 null mouse embryos. Furthermore, 
skin culture experiments allowed this group to postulate that both Icam1 and MadCAM1 
expression occurs concomitantly with Eda signaling activation (Nishioka et al., 2002). 
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Icam1 and Madcam1 have NFκΒ binding sites in their promoter regions (Bunting et 
al., 2007; Takeuchi and Baichwal, 1995). TNFα is known to induce the expression of 
both molecules, most likely in an NFκΒ-dependant manner (Takeuchi and Baichwal, 
1995). Therefore, it is likely that both Icam1 and MadCAM1 are direct target genes of 
the Eda pathway. However, their role during hair placode development still needs to be 
addressed.
Wnt pathway 
According to the microarray, Eda seemed to induce two Wnt inhibitors: Dkk4 and Lrp4. 
These results were somewhat surprising as Eda and Wnt pathways were always thought 
to work in parallel in order to induce placode formation and patterning during ectodermal 
organ development (Narhi et al., 2008). However, our results confi rmed the involvement 
of the Eda pathway in restricting Wnt signaling (for further discussion see below).
In addition, several members of the Wnt pathway were downregulated after 4h 
exposure to the protein EdaA1, including Wnt6, Fzd6, Rspo3, and Sostdc1. Sostdc1 
downregulation was validated using qRT-PCR. Sostdc1 (ectodin or Wise), is a BMP 
and Wnt inhibitor expressed in the developing ectodermal organs but its expression is 
restricted to the surrounding of hair placodes (Itasaki et al., 2003; Laurikkala et al., 
2002; Mou et al., 2006; Narhi et al., 2008). According to our results, Eda seems to 
participate in the exclusion of Sostdc1 from the placode.
Wnt6 has been shown to induce Eda expression in tooth mesenchyme and hair 
epithelium during early placode development (Laurikkala et al., 2002). The fact that 
Wnt6 could be inhited by the Eda has, so far, not been addressed. 
Wnt10a and Wnt10b were not listed in the microarray and further analysis of Wnt10b 
fold of induction using qRT-PCR showed a mild induction of 1,46 and 1,52 after 3h and 
5h respectively; therefore, it was not considered as being an Eda target gene. However, 
using different time points (and maybe using another batch of Fc-EdaA1 protein), I 
showed that Wnt10a and Wnt10b were slightly upregulated after 2h induction by Eda 
and that this upregulation was lost after 4h. A statistical analysis was then performed and 
proved that the induction of Wnt10a and Wnt10b after 2h incubation with EdaA1 was 
low (1.4 and 2.1-fold respectively), but signifi cant (Voutilainen et al., 2012). 
FGF pathway
Two genes implicated in the FGF pathway were upregulated: Fgf20 and Dusp6. 
Interestingly, both genes have not yet been linked to ectodermal development. However, 
our laboratory has validated Fgf20 as a potential Eda target (Haara et al., submitted; 
Mikkola and Lindfors, unpublished). Study of an Fgf20 -/- mouse has revealed a tooth 
crown phenotype similar to the one seen in the Eda null mouse (Haara et al., submitted; 
Pispa et al., 1999). Fgf20 expression during molar embryonic development has been 
reported and it seems to be restricted to the primary and secondary enamel knots 
(Porntaveetus et al., 2011). However, the function of Fgf20 during tooth morphogenesis 
and hair development still needs to be understood.
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Table 1. List of the selected genes differentially expressed in the microarray and their validation 
using qRT-PCR. The signifi cance of gene induction was also tested using statistical analysis; all 
genes signifi cantly upregulated are marked with an *, all others were not tested. 
 Microarray qRTPCR
  Gene
Fold of 
increase 
(90min)
Fold of 
increase 
(4h)
Fold of 
increase 
(2h)
Fold of 
increase 
(4h)
 
 
 
 
 
TNF/NF-kB pathway
 
 
 
 
 
 
Ltβ
Tnfα
Edar
Fas
Fn14
Gitr
NFκB; p50
NFκB2; p52
A20
IκΒα
NfκΒιζ
Dkk4
3,35
-
-
-
-
-
-
-
-
-
-
-
6,11
2,11
3,38
1,99
1,65
2,92
1,50
1,58
1,74
1,52
1,54
30,41
7,98*
9,14*
 
 
 
 
 
 
3,64*
 
 
12,73
21,05*
9,19*
 
 
 
 
 
 
4,83*
 
 
45,66
Wnt pathway 
Ectodin
Lrp4
CTGF; Ccn2 
 
-
1,53
0,57
1,87
9,66
0,95 (1h)
1,12 (1h)
1,34 (1h)
0,37 (5h)
1,98 (5h)
3,36 (5h)
TGF pathway CyR61Fst
-
-
1,57
1,91
 
 
 
 
FGF pathway
Dusp6
Fgf20
Ccl20
Cxcl1
Cxcl2
-
1,60
3,02
1,70
1,72
4,87
3,03
8,92
6,55
4,33
 
 
39,12
20,04
15,62
 
 
124,88
28,89
13,68
Chemokine pathway
Cxcl9
Cxcl10
Cxcl11
Cxcl14
Icam1
MadCAM1
Mmp9
-
4,85
6,90
-
1,61
-
-
6,26
2,27
5,92
0,35
2,31
2,17
4,70
2,98
46,14
17,76
 
2,42*
1,43*
 
3,86
49,30
46,68
 
4,89*
2,01*
 
Other genes
Pth-RP
Sox4
Sox9
Sox10
Sox21
-
-
-
-
-
7,45
1,54
2,03
1,78
4,59
8,2*
1,39*
1,25*
1,15(NS)
1,08 (NS)
8,83*
1,39*
2,70*
0,81 (NS)
1,56*
EGF EpgnAreg 
-
-
-
-
2,28*
1,49*
3,77*
2,03*
Results and discussion
46
EGF family
Several EGF family members were highlighted as likely Eda targets in our microarray, 
notably, amphiregulin and epigen. Interestingly, EGF proteins were fi rst qualifi ed as 
hair placode inhibitors (Cohen and Elliott, 1963; Kashiwagi et al., 1997). In skin organ 
culture, administration of EGF ligands (EGF and TGFα) dramatically inhibits hair 
morphogenesis in E13.5 mouse skin (Kashiwagi et al., 1997). However, I have confi rmed 
that Eda was able to induce a feeble but signifi cant expression of amphiregulin and 
epigen in Eda null back skin. Their expression was barely detectable using whole mount 
in situ hybridization (Voutilainen et al., 2012). Further study of the effect of Areg and 
Epgn during mammary gland branching showed that Areg and Epgn increase the number 
of terminal end bud formation in E13 mammary gland explants cutltured for 5 days 
with each protein. The importance of Areg and Epgn during branching could account 
for the mammary gland phenotype observed in the Tabby mouse, where the mammary 
tree shows fewer branches in the absence of Eda (Voutilainen et al., 2012). However, 
the involvement of Areg and Epgn during other ectodermal appendage development still 
needs to be understood.
Sox family of transcrip? on factors
Several SRY-box containing gene (Sox) family members were upregulated; I confi rmed 
Sox4, Sox9 and Sox21 upregulation using the qRT-PCR method and statistical analysis. 
A recent study highlighted a patterned expression of Sox4 in the developing hair placode 
at the site of Edar expression (Hoser et al., 2008). Our study confi rmed this fi nding and 
also showed that Sox4 expression was lost from the Eda null mouse skin. However, 
Sox4 seems to also have a role in hair cycling, as its expression was detected in the bulge 
region of hair follicle in anagen phase (Lowry et al., 2005). 
Sox9 was shown previously to be expressed during hair placode formation (Vidal 
et al., 2005) and our study points to its lack of expression in Eda null mouse skin. 
Interestingly, Sox9 has been shown to be one of the earlier markers of hair follicle stem 
cells in mouse, as Sox9 positive cells constitute the stem cell niche of the hair follicle 
in the bulge region (Vidal et al., 2005; Nowak et al., 2008). An interesting link between 
Tcf/β-catenin and Sox9 expression was made in the intestines where the absence of Sox9 
prevents paneth cell differentiation (Bastide et al., 2007; Mori-Akiyama et al., 2007). 
Hence, Sox9 induction may have an importance in regulating the Wnt pathway during 
hair development and Eda induction of Sox9 could trigger the commitment of placodal 
cells to hair follicle formation fate.
The importance of Sox21 has mostly been studied postnatally as Sox21 null mice 
show progressive alopecia due to improper keratinization of the hair shaft cuticle that 
anchors the hair shaft, leading to the early shedding of Sox21 null mouse hair (Kiso et 
al., 2009).
Chemokines 
The microarray highlighted for the fi rst time a link between the Eda pathway and 
chemokines. One of the most interesting results of the microarray was the important 
upregulation of cxcl10 and cxcl11 and two other chemokines: cxcl1, cxcl2 already 90 
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min after induction with the protein Fc-EdaA1. cxcl11, cxcl2, and cxcl1 continued to be 
upregulated after 4h. cxcl9 and ccl20 were only found in the 4h list of genes upregulated 
upon EdaA1 induction. The importance of this discovery will be discussed in chapter 4.
2.  A20 is involved in the negaƟ ve feedback loop of EdaA1 
signaling (II)
A20 (Tnfaip3) is an important modulator of Tnfα signaling. A20 is induced by NFκB 
after Tnfα activation and seems to be involved in the negative feedback loop of the 
NFκΒ pathway in order to stop TNFα signaling (Pasparakis et al., 2006; Shembade et 
al., 2010). As A20 was also highlighted in the microarray and confi rmed as a potential 
Eda target using the qRT-PCR method, we studied its expression during embryonic 
development.
A20 is expressed in the hair placode and supressses Edar-induced NFκB 
signaling
In the hair placode, A20 was expressed in the epithelium of the forming placode where 
Edar expression and NFκB activation are also visualized. Interestingly, its expression 
was not detectable in the mammary gland or tooth placodes, which may account for 
a lack of expression as well as very low levels of mRNA expression that could not be 
detectable using whole mount DIG in situ hybridization (WMISH).
 Using an NF-κΒ-dependent luciferase reporter assay, we showed that A20 inhibits 
Eda-induced NFκΒ signaling, hence reinforcing the idea that A20 may act as a feedback 
inhibitor of the Eda pathway involved in terminating/restricting Eda signaling in hair 
placodes. Interestingly, the ability of A20 to suppress Eda signaling does not seem to 
depend on the N-terminal deubiquitination domain of A20, but requires its C-terminal 
domain. Likewise, a recent study showed that the C-terminal domain encompassing the 
E3 ligase domain is able to suppress NFκB activity (Bosanac et al., 2010).
A20EKO mouse phenocopies parƟ ally K14-EdaA1 mouse
Study of the A20EKO mouse phenotype, an epidermis-specifi c A20-defi cient mouse 
showed that, despite the lack of an NFκΒ negative feedback loop, no sign of infl ammation 
was detected in A20EKO mice. In fact, the NFκB pathway is important to control skin 
homeostasis and overactivation of this pathway gives rise to skin infl ammation (Lippens 
et al., 2009; Pasparakis et al., 2006). On the other hand, histological analysis of the back 
skin revealed an increased proliferation and very low levels of apoptosis of the basal 
cells of the epidermis, consistent with overactivation of NFκΒ, which promotes cell 
survival under TNFα activation. The lack of infl ammation or infi ltrating immune cells 
showed that the absence of A20 could be compensated by other deubiquitinase enzymes, 
such as CYLD, to prevent spontaneous skin infl ammation (Massoumi et al., 2006).
The most interesting phenotype of this mouse resided in the abnormal development 
of several ectodermal organs such as hair, Meiboian glands, and nails. Unlike their 
control littermate A20fl /fl , A20EKO showed disheveled hair, but still no sign of the hair 
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loss or alopecia one would expect in case of hair autoimmune disease. A closer look 
at the hair type showed that contrary to normal mice, which have four kinds of hair 
(guard, awl auchene and zigzag), the A20EKO mouse had mostly one type of curly hair. 
Moreover, hair plucked from A20EKO fur was more fragile than from the control mutant 
and showed extended cuticle damage, detected by electron microscopy analysis. A 
similar hair phenotype was seen in K14-Eda and K14-Edar mice, along with the defects 
in Meiboian glands and thicker nails also seen in the A20EKO mouse (Mustonen et al., 
2003). However, both the K14-Eda and K14-Edar mutants also show the development 
of extra teeth and nipples, but those features were never observed in A20EKO.
The similarities between the A20EKO phenotype and K14-Eda together with the 
identifi cation of A20 as a feedback inhibitor of Eda pathway suggest that the A20EKO 
phenotype could be the consequence of over stimulated Eda signaling. The fact that A20 
expression was never found in the mammary glands or teeth using in situ hybridization 
could explain the lack of tooth and mammary gland phenotype in the A20EKO mutant. 
Another explanation could be that the Cre line used to delete the A20 gene is not effective 
before E15 and it is known that the tooth and mammary gland placodes are starting to 
develop around E12; therefore, A20 deletion is too late to infl uence the development of 
those organs. 
3.   Interplay between Eda and Wnt pathways to regulate the 
expression of placodal genes: Dkk4 and Lrp4 (I)
Dkk4 was highly upregulated after 1h induction while Lrp4 was modestly induced by 
EdaA1 protein according to the microarray (Table 1). WMISH showed that both of these 
genes were co-expressed with Edar in skin appendage placodes, making the hypothesis 
of regulation by the Eda pathway more likely (Pispa et al., 2003; Pummila et al., 2007). 
Recently, several other groups also reported similar expression patterns for Dkk4 and 
Lrp4 (Bazzi et al., 2007; Sick et al., 2006; Weatherbee et al., 2006; Zhang et al., 2009). 
In order to address if Eda can induce Dkk4 and Lrp4 directly, we screened for 
NFκB responsive elements in both Dkk4 and Lrp4 promoter regions by computational 
analysis to fi nd evolutionary conserved sites between mice and humans (Sandelin et 
al., 2004). Three NFκΒ responsive elements (RE) were found in the promoter region 
of Dkk4 and six in the promoter region of Lrp4. To test whether Dkk4 could be a direct 
target of Eda, we cloned the 800bp promoter region containing all three NFκΒ RE into a 
promoter-less luciferase reporter vector and performed a promoter-reporter assay to test 
if the Eda pathway was able to induce Dkk4 expression. We could detect about 2-fold 
increase in luciferease expression when the Dkk4 promoter was co-transfected with Edar 
vector, whereas transfection with a vector expressing a truncated form of Edar (Edarsleek) 
compromised but did not abolish NFκB response (Koppinen et al., 2001) and gave rise 
to no clear induction of Dkk4 compared to the empty vector. This low responsiveness of 
the proximal Dkk4 promoter was surprising considering that, in skin explants, Fc-EdaA1 
treatment had a more potent effect on Dkk4 transcription and suggested that additional 
NFκB binding sites may be present elsewhere. In line with this, a more recent study 
showed that an NFκB RE highly conserved between mouse and rat was encountered 2kb 
upstream of the Dkk4 transcription starting site (Zhang et al., 2009). Using chromatin 
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immunoprecipitation, Zhang et al., 2009 could demonstrate that NFκB binds directly to 
Dkk4 using this highly conserved RE. We can then postulate that if our construct would 
have been longer, the induction by NFκB we measured using the transfection assay 
would have been greater.
We then analyzed the expression of Dkk4 and Lrp4 in skin appendage placodes of 
both Eda null and K14-Eda embryos. Expression of both genes was more intense in K14-
Eda hair placodes compared to WT. One of the most surprising fi ndings concerning Lrp4 
and Dkk4 embryonic expression was that, despite evidence that at least Dkk4 is a direct 
target of Eda, both Lrp4 and Dkk4 expression were still seen in Eda null embryos. Most 
importantly, these two genes were the fi rst localized markers visible in Eda null embryos 
at this stage (Headon and Overbeek 1999; Laurikkala et al., 2002) and were the fi rst 
markers of pre-placodes that were previously identifi ed by histology (Schmidt-Ullrich et 
al., 2006). However the patterning was different from the one seen in WT hair placodes. 
The expression patterns of both genes were fainter and although their expression was 
localized to specifi c areas, the circular shape of the expression pattern characteristic of 
a placode was lost in Eda null embryos. Analysis of NFκB reporter activity in Eda null 
embryos at E13.5, i.e., when hair placodes are just starting to emerge on both side of 
the mammary line, suggested a complete absence of NFκB signaling in the absence of 
Eda. However, no difference in Dkk4 and Lrp4 expression was observed between Eda 
null and WT embryos. Taken together our data suggested that the expression of Dkk4 
and Lrp4 is also regulated by other pathways. These data also demonstrate that Eda is 
dispensable for early hair placode induction, which is thought to take place in response 
to the dermal signal (Mikkola and Millar, 2006) and reinforce the idea that the Wnt/β-
catenin pathway is the earliest signal activated at the onset of hair placode formation 
(Zhang et al., 2009; Andl et al., 2002; Narhi et al., 2008). 
Based on our transfection assay and the literature, we postulated that expression 
of Dkk4 and Lrp4 in Eda null embryonic skin was most certainly due to Wnt signaling 
induction of its own inhibitor (Sick et al., 2006; Bazzi et al., 2007). To test this 
hypothesis, we treated Eda null skin explants with BIO, a Wnt pathway activator (which 
inhibitis GSK-3β), with or without Fc-EdaA1 protein and analyzed Dkk4 expression by 
qRT-PCR. In this setting, Dkk4 expression was induced via Wnt pathway alone and we 
observed an additive effect with Fc-EdaA1 further suggesting that both pathways can 
induce Dkk4 in mouse skin.  
4. Do chemokines have a role in hair development? (III)
cxcl10 and cxcl11 are novel targets of the Eda pathway
All six chemokinnes highlighted by the microarray were confi rmed using qRT-PCR. Out 
of those six chemokines only cxcl10 and cxcl11 showed a patterned expression in the 
epithelium of the developing placode. Interestingly and although Edar expression is also 
found in other ectodermal organs placodes such as the mammary gland and tooth, cxcl10 
and cxcl11 expression could not be detected in these organs, thus showing that cxcl10 
and cxcl11 were likely to be involved in hair development only. 
WMISH using cxcl10 and cxcl11 RNA probes showed that their expression was 
undetectable in the Eda null mouse mutant and more intensely in the K14-Eda mouse 
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than in WT at E14. One may object that the lack of hair placode formation in the former 
and the increase in size of hair placode in the latter may account for the difference of 
expression. Therefore, we also analyzed the promoter region of cxcl10 and cxcl11 to test 
if both genes had an NFκB responsive element that could account for Eda activation.
Screening of the promoter region of both cxcl10 and cxcl11 showed several NFκB 
REs conserved between mouse and human, as well as mouse and rat. In this experiment, 
we showed that the Eda pathway induces 16-times and 21-times more expression of 
cxcl10 and cxcl11, respectively, compared to an empty vector, whereas a mutant form of 
Eda (Edarsleek) induced only weakly both promoter regions. These data strongly suggest 
that the Eda pathway is able to induce cxcl10 and cxcl11 expression directly via NFκΒ 
signaling. 
Primary hair follicle paƩ erning is aﬀ ected in mice lacking CxcR3, the receptor 
for cxcl10 and cxcl11
cxcl10 and cxcl11 share the same receptor, cxcR3 (Zlotnik and Yoshie, 2000). In this 
study we showed that the cxcR3 expression pattern correlates with cxcl10 and cxcl11 
expression in the developing hair placodes and, just like its ligands, the cxcR3 expression 
pattern is undetectable in Eda null embryos using WMISH. Therefore, we studied 
the embryonic and adult phenotypes of the cxcR3 null mouse (Jackson laboratories 
cxcr3tm1Dgen/J mice, stock #005796) to analyze the effect of the lack of cxcl10 and cxcl11 
signaling during hair development. According to migration studies of cells harvested 
from this mouse mutant, cxcR3 null cells are not able to respond anymore to cxcl10 and 
cxcl11 chemotaxis (Sorensen et al., 2010). 
Analysis of the embryonic hair placode and adult hair shaft distributions allowed 
us to conclude that the lack of cxcR3 signaling during hair follicle development gives 
rise to sparser hair placodes at E14, as the number of hair placodes per surface area 
diminished by about 20%. In accordance with the embryonic phenotype, a decrease 
in the proportion of guard hair shafts from 3,8% in the littermate control to 2,2% in 
the cxcR3 null adult mouse was observed. Interestingly, the lack of the cxcR3 pathway 
only infl uenced the fi rst wave of hair placode formation at E14. This could be explained 
by the fact that the number of transcripts of cxcl10 and cxcl11 in the skin dramatically 
decreases at the onset of subsequent waves of hair follicle formation at E16 and around 
birth. In addition, their expression in the second and third wave of hair follicle formation 
was not detectable using radioactive or DIG in situ hybridization on skin sections.
The mechanism by which CXC-chemokines regulate hair development is yet to be 
understood. Several studies on wound healing pointed to the cxcl10-cxcl11-cxcR3 trio 
as regulators of wound healing (Satish et al., 2003) and in vivo studies of cxcR3 defi cient 
mice showed that lack of this specifi c trio impairs reepitheliazation of full thickness 
wounds (Yates et al., 2007; 2008) due to a lack of keratinocyte migration inhibition. 
In fact, it seems that the cxcR3 pathway is needed to slow down migration and induce 
differentiation of the cells invading the wound. Other cell studies conducted on epithelial 
mammary gland cancer cells pointed to cxcR3 pathway as a major factor responsible for 
epithelial cell invasion into the mesenchyme (Shin et al., 2010). Both mechanisms could 
be important for hair placode development but which one is yet to be discovered.
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Other cxcRs are not expressed in hair placodes
The mild phenotype observed in cxcR3 null mouse prompted us to wonder if other cxcRs 
could compensate for the loss of the cxcR3 pathway. However, none of the cxcRs were 
expressed in a patterned manner in the embryonic epithelium. Interestingly, though, 
cxcR4 was found in the mesenchymal condensate at E14 and in the dermal papilla of the 
vibrissae as previously shown (Belmadani et al., 2009). A role for cxcR4 in development 
has been established, albeit not in ectodermal placode formation (Chalasani et al., 
2003; Chong et al., 2007). However, cxcR4 seems to regulate the migration of hair 
melanocytes progenitors in mouse (Belmadani et al., 2009). 
Interestingly, expression of cxcl14, an orphan chemokine ligand, was recently 
reported in the whisker epithelium and hair follicle ORS (Garcia-Andres and Torres, 
2010; Banisadr et al., 2011). Although no hair placode expression was reported, it is 
tempting to speculate that its expression correlates with Edar in the hair placode. Hence, 
cxcl14 could be compensating for the loss of cxcl10/cxcl11 signaling in the cxcR3 
null mouse. A cxcl14 null mouse has been generated, but no obvious developmental 
abnormalities have been reported (Meuter et al., 2007; Nara et al., 2007).
It is noteworthy that cxcl14 was also present in our microarray: it was one of the 
downregulated genes after 4h induction by Eda protein (Table 1). This downregulation 
was not confi rmed using qRT-PCR, but it is interesting to speculate that, whereas Eda 
induces the expression of cxcR3 pathway in the placode, it downregulates cxcl14, which 
may also be expressed in the placode. It could be interesting to test the expression pattern 
of the cxcl14 gene in the developing embryo and most importantly in K14-Eda to see if 
its expression is decreased in this mutant. 
5. Eda has a role in hair placode paƩ erning (I, II, III)
The microarray profi ling of Eda targets remarkably deepened our knowledge about 
the intricate pathways of genes involved in hair development. Interestingly, the Eda 
pathway, which promotes hair placode development at E14, seems to do so by inducing 
not only activators of hair placodes such as CTGF and follistatin (Bmp antagonists), 
cxcl10 and cxcl11, but also inhibitors such as Dkk4.
Our laboratory has shown earlier that addition of Eda protein in skin culture 
increased the size and distribution of hair placodes in a dose-dependent manner. 
Furthermore, study of K14-EdaA1 transgenic mouse showed that the fi rst wave of hair 
placode is disturbed and hair placodes are larger and sometimes fused (Mustonen et 
al., 2003; Mustonen et al., 2004). This shows that Eda regulation is important for the 
fi rst wave of hair placode patterning. According to the reaction diffusion model, the 
activator must induce its own inhibitor and itself and here we show that Eda induce 
A20 in order to inhibit NFκB signaling. However, the activator and inhibitor must be 
diffusible molecules and Edar signaling only affects the cell in which it is expressed. Our 
study and others showed that Eda signaling is able to induce soluble molecules that will 
regulate the patterning such as Dkk4 (described here; Mou et al., 2006), follstatin, and 
CTGF (Pummila et al., 2007; Mou et al., 2006) by acting on Wnt and Bmp pathways, 
respectively (Figure 10).
Results and discussion
52
Wnt
Dkk4
Wnt
Dkk4
Edar
Edar/NF?B
CTGF
Bmp
Bmp
Edar
A20
I???
Eda
Follistatin
NF?B
Dkk1
cxcl10
cxcl11
?
Pre-placode 
*
*
*
E13-E13.5
E14
a
b
c
Placode formation and 
induction of the correct 
patterning and size of the 
placode
Figure 10. Schematic representation of the possible interplay between Wnt, Eda and Bmp 
signaling and Eda target genes in order to fi ne tune hair placode patterning. At the onset of hair 
placode formation, the Wnt signaling pathway is induced in the pre-placode. Consequently, it 
induces the expression of its inhibitors, Dkk4 in the epithelium and Dkk1 in the mesenchyme (a). 
Wnt signaling also  induces the expression of Edar at the future site of the placode around E14. 
In turn, Edar pathway triggers the activation of NFB transcription factor and the expression 
of its target genes which induces more expression of Dkk4 in the epithelium in order to fi ne 
tune Wnt signaling to the placode site (b). Edar pathway activation in the placode also induces 
the expression of cxcl10 and cxcl11 which seem to act as placode formation activators. The 
Edar pathway also induces the expression of two Bmp inhibitors, CTGF and follistatin, and 
other Bmps in the mesenchyme. CTGF and follistatin expression excludes Bmp signaling from 
the developing placode while Bmp signaling in the mesenchyme triggers the condensation of 
mesenchymal cells. Bmp expressed in the surrounding of the placode, inhibit Edar expression 
thus confi ning Edar signaling to the placode and providing the correct patterning of the fi rst 
wave of hair formation. Edar signaling also induces the expression of A20 and IB, two 
NFB inhibitor, in order to regulate its own signaling in the developing placode (c). The events 
described in b) and c) are  concommitent and were described separately for clarity purposes. 
Interactions marked with an asterix were described in this thesis. 
Results and discussion
53
The Eda pathway induces the expression of Bmp inhibitors. Interestingly, Bmp 
inhibition by Noggin is able to rescue, at least in part, primary hair placode formation in 
Eda null skin explants (Mou et al., 2006; Pummila et al., 2007). Furthermore, deletion 
of Bmp receptor in the epithelium increases hair follicle density in mouse (Andl et al., 
2004). Mou et al. suggested that interplay with Edar, Bmps, and CTGF regulates the 
patterning of hair follicles. It was proposed that Edar induces rapid induction of Bmp in 
the mesenchyme and CTGF in the epithelium. Bmp in turn downregulates Edar in the 
hair placode surroundings because Edar upregulates Bmp inhibitors in the nascent hair 
placode (Figure 10). All these interactions will then generate the primary hair follicle 
pattern (Mou et al., 2006). 
One interesting result is that Dkk4 is expressed in the pre-placode before Edar is 
localized. The interplay of Wnt/Eda signaling has been studied for its importance in 
placode development by us and others and one emerging scheme is that Wnt/β-catenin 
is important in inducing the follicular keratinocyte fate. Hence, when Wnt/β-catenin 
signaling is stabilized in the epithelium, it will give rise to ubiquitous hair placode 
induction (Narhi et al., 2008; Zhang et al., 2008). Zhang et al. (2009) also found that 
Edar expression was induced by the Wnt/β-catenin pathway. Hence, it seems that during 
hair follicle initiation, there is initially Wnt activation in the preplacodes (Schmidt-
Ullrich, 2006; Mou et al., 2006). Wnt then induces Edar expression at this site (Zhang 
et al., 2009), but activation of NFκB by the Eda pathway will in turn activate placode 
activators (Wnt10a/b) and inhibitors of the Wnt/β-catenin pathway in order to fi ne tune 
the pattern (Mou et al., 2006; Zhang et al., 2009; Voutilainen et al., 2012) (Figure 10).
Wnt also induces it own inhibitor, Dkk4 in the epithelium and likely Dkk1 in the 
mesenchyme, and studies have shown that overexpression of moderate levels of a Dkk 
protein (Dkk1 or Dkk2) in the epithelium gave rise to sparser placodes during the fi rst 
wave of hair placode induction, whereas high levels completely block hair follicle 
induction (Andl et al., 2002; Sick et al., 2006). We showed in skin explant cultures that 
high amounts of Dkk4 protein inhibited primary hair placode formation. Interestingly, 
Wnt and Eda share the same target genes Dkk4 and Lrp4, as both of them show NFκB 
and Lef1 responsive elements in their promoter regions. Taken together, these three 
pathways, Wnt, Bmp, Eda, seem to play an important role in patterning and seem to be 
interlinked in multiple ways via cross-regulation.
We also showed an increase in hair placode spacing in mice lacking cxcR3, 
suggesting that cxcl10 and cxcl11 function as hair placode activators (Figure 10). 
Our fi ndings imply, in correlation with Turing’s model (Turing 1952), that the lack of 
cxcl10 and cxcl11 during this reaction-diffusion event imbalances the threshold of the 
activators. Therefore, it will impair the initial phase of oscillation that fi nally will modify 
hair placode patterning. Nevertheless, the mild phenotype of the cxcR3 null mouse could 
be explained by the fact that Eda is inducing many other pathways also responsible for 
hair development that could compensate to a certain extant for the loss of the cxcR3 
pathway. Crossing of the cxcR3 null mouse line with K14-Eda did not have any effect, 
possibly due to the overexpression of many other pathways, which are compensating for 
the loss of one class of activators.
Therefore, it seems that many pathways are intricately regulating the pattern of hair 
follicle formation. Wnt, Bmp, and Eda seem to be the most important pathways in this 
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regulation, but they also seem to interplay with one another, rendering mathemathical 
modeling of hair placode patterning challenging (Klika et al., 2012). However, 
increasing the knowledge about all pathways involved and their particular spatial and 
temporal interactions will help us to understand how patterning is regulated and improve 
the the modeling of this process.
6.   IdenƟ fi caƟ on of other TNFR pathways involved in the third 
wave of hair follicle inducƟ on
Studies of two different mouse mutants, the Eda/troy double knockout (Pispa et al., 
2008) on one hand, and IκΒα∆Ν mutants (Schmidt-Ullrich et al., 2001) on the other hand, 
have suggested that in addition to Edar and Troy, other TNF receptors could regulate hair 
placode formation. The Eda/troy double mutant does not show any sign of hair placode 
formation until E18; hence, both primary and secondary hair placodes fail to form (Pispa 
et al., 2008). In IκΒα∆Ν mutants, the primary hair follicles do not form, refl ecting the 
necessity of Edar-induced NFκB signaling in these follicles. Interestingly, the secondary 
hair follicles do develop, but the number of hair placodes of the third wave is severely 
reduced in those mutants (Schmidt-Ullrich et al., 2001). Therefore, we hypothesize that 
the NFκB pathway is also involved in the third wave of hair follicle development and 
that additional TNFR could function redundantly with Edar and/or Troy.  
SelecƟ on of the receptors
The TNF superfamily comprises 29 receptors in humans and 27 in mouse (Figure 6) 
(Bossen et al., 2006). The expression of Edar, Xedar, and Troy in hair development has 
been extensively studied (Laurikkala et al., 2002; Pispa et al., 2008). Receptors missing 
a transmembrane domain which do not induce any pathway, were also discarded from 
the receptor list. In order to select the most interesting candidates, we decided to analyze 
the expression of each receptor by RT-PCR in E18 embryonic skin, at the time when 
tertiary hair placodes are induced. In addition, I verifi ed the quality of primers using 
several adult tissues where the gene was known or suspected to be expressed. If the fi rst 
set of primers was not amplifying the right size of PCR product, another set of primers 
was designed and ordered. All selected region from the 22 receptors were amplifi ed 
from E18 skin (data not shown) except TnfRh3, which was never amplifi ed no matter 
what tissue was used. OX-40 was successfully amplifi ed from adult organs but not from 
embryonic skin. Therefore, those two genes were excluded as candidate genes.
As one may expect, the TNFR involved in E18 hair placode induction should be 
expressed in the skin epithelium, just like Edar and Troy. Therefore, I next separated the 
E18 epithelium from the mesenchyme and compared the TNFR number of transcripts 
from the epithelium with the whole back skin in order to see which of the receptors 
would be enriched in the epithelium at this stage.
So far, I have analyzed 12 receptors using this method and, among those six genes: 
TNFRI, CD27, GITR, DR5, BCMA and HVEM (Light-R) were enriched in the epithelium 
at E18 (Figure 11). Interestingly, GITR was found to correspond to the microarray list of 
genes induced by Eda after 4h incubation (Table 1).
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RadioacƟ ve in situ analysis of semi fi nalists 
The expression of four genes (TNFRI, BCMA, CD27 and GITR) so far was analyzed 
using radioactive in situ on skin sections of E18 and E19 wild type and E18 Eda/Troy 
double mutant that only showed the third wave of hair follicle development (Figure 12). 
TNFRI, CD27 and BCMA expression was weakly seen throughout the epithelium of 
both mutant and wild type mice. However, GITR expression was restricted to the hair 
follicle and interestingly was also seen in the epithelium of newly formed placodes in 
WT, as well as in Eda/Troy double mutant skin (Figure 12). Previous study has shown 
a similar expression of GITR protein in newborn skin and at E15 in the epithelium of 
the hair placode (Wang et al., 2005). However, GITR-/- mice show no defects in hair 
follicle formation and no accentuation of the Edar null phenotype was observed in 
compound Edar/GITR mutants (data not shown in Wang et al., 2005). However, because 
Troy expression is known to be localized to the third wave of hair placode, as well, 
compensation by Troy cannot be ruled out.
Therefore, further studies are needed to confi rm or disprove the importance of GITR 
during hair follicle development. One possibility will be to inhibit GITR in skin explant 
culture at E17 before the third wave of hair follicle formation and see if the induction 
of the third wave is compromised. One possible way to address this question is to use 
4-1BB BAFFR BCMA  CD27  CD40  DR5  GITR TNFRI  Rank Tweak TNFRII HVEM
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Figure 11. Comparison by qRT-PCR of the selected genes number of transcripts between E18 
whole back skin and the epithelium only. The genes underlined were selected and their expression 
will/have been analyzed in embryonic skin using radioactive in situ hybridization.
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the GITR ectodomain (Schneider et al., 2003) to compete with GITR signaling on WT 
or Eda/Troy double mutant developing back skin. Another possibility is to generate the 
Edar/Troy/GITR triple knockout in order to analyze the hair phenotype.  
TNFRI
WT E18          Eda-/- Troy-/- E18            WT E19
BCMA
CD27
GITR
a
b
c
d
Figure 12. Expression pattern of TNFRI (a), BCMA (b), CD27 (c) and GITR in Wild type (WT) 
E18 and E19 back skin and in Eda/Troy double knock out E18  ack skin. The placode or hair germ 
is indicated (arrow) and a close up of the placode or germ is shown (insert). Scale bar 100μm.
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Conclusions and future directions
Conclusions and future direcƟ ons
1/  The Eda pathway regulates expression of genes in all major pathways involved in 
hair development, including Wnt, FGF, and TGFmp (I, III).
2/  Eda is a key player fi ne tuning hair placode formation and may exert its function by 
regulating the expression of both activators (cxcl10, cxcl11, CTGF) and inhibitors 
(Dkk4) of placode formation (I, III).
3/  Eda inhibits the Wnt pathway in order to limit its signaling to the placodal area 
during the fi rst wave of hair follicle formation. Wnt seems to play a role during hair 
placode initiation and Eda is important for the fi ne tuning of hair placode patterning 
at E14 (I).
4/  Eda induces the expression of CXC-chemokines cxcl10 and cxcl11 and lack of 
signaling by the two chemokines leads to sparser hair placode distribution (III).
5/  Eda induces its own inhibitor A20 during hair development, most likely to terminate 
the Eda signaling pathway by inhibiting NFB stabilization. The role of A20 
downstream of Eda surprisingly seems to mostly be limited to hair development 
(II).
6/  Eda and Troy have already been shown to have a role in the fi rst and second wave 
of hair formation, but what about other TNFRs? In this study I show that GITR is 
expressed during the third wave of hair placode formation (UD).
Taken together, the results presented in this study deepen our knowledge of the Eda 
pathway and its role during hair development and patterning. The Wnt pathway is known 
to be very important both for the induction and patterning of hair follicles. In this study, 
I propose Eda is a key regulator of hair placode patterning. I showed that Eda is able 
to induce its own inhibitor. However, whether the lack of Eda inhibitor A20 infl uences 
patterning, per se, is not known. It would be of interest to study hair placode formation 
in A20EKO mutants.
Eda also controls other pathways in order to restrict their signaling spatially and 
temporally. Eda restricts Wnt expression to the placodal area by inducing Wnt inhibitors 
Dkk4. This is the mechanism to exclude Wnt expression from the interplacodal area and 
ensure normal patterning. Increasing our knowledge about differential gene regulation 
and interaction will give us a better understanding on pattern formation and will help 
improving the Turing model. Other genes in the microarray are currently being studied 
in our laboratory and will most likely shed some more light on the complex interplay of 
major pathways in hair formation and patterning of hair placodes.
This study also fi nally puts Eda more fi rmly into the TNF superfamily. In fact, Eda 
has always been treated as an outsider because it does not induce any infl ammatory 
response or apoptosis. Here, we show for the fi rst time that it induces the expression of 
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chemokines like TNF, the founding member of TNFs. Further studies of the role of 
those chemokines during development need to be addressed and it would be interesting 
to analyze the localization of -Tcells (that express cxcR3) during hair development in 
order to see if these cells participate in placode formation. cxcl10 and cxcl11 could direct 
the migration of cells but this also needs further study. To this end, it would be interesting 
to analyze cell migration in tissue culture using live cell imaging and beads soaked with 
either or both cxcl10 and cxcl11.
This thesis was also a quest to fi nd additional TNFRs that could be involved in the 
third wave of hair formation. This led us to discover that GITR was expressed in the 
epithelium of newly formed hair placodes. However, this project is still ongoing and we 
still need to analyze more detail the expression of other TNFRs. The expression of GITR 
and other TNFRs (if we fi nd any) in mouse will be analyzed, as well as some functional 
analyses in order to validate GITR and/or others as inducers of the third wave of hair 
formation.
Conclusions and future directions
59
Acknowledgements
Acknoledgements
This work was carried out at the Institute of Biotechnology at the University of 
Helsinki, with the fi nancial support of Marie Curie early stage training fellowship, the 
Finnish Cultural Foundation and Viikki Doctoral Programme in Molecular Biosciences 
(VGSB). I also would like to thank the former and present directors of the Institute 
of Biotechnology, Professor Mart Saarma and Professor Tomi Mäkelä for providing 
excellent research facilities.
I am very grateful to my supervisor, Doc. Marja Mikkola, for her guidance. You 
have taught me useful skills in an excellent and patient way and tried to fi nd solution 
even to the most diffi cult problems. I am glad I learnt from a person with such a scientifi c 
integrity and endless knowledge.
It has been a privilege to work in Prof. Irma Thesleff’s group which represents the 
top of the fi eld in developmental biology. I thank you Prof. Thesleff for providing me 
and the group with excellent working conditions and inspiring atmosphere. I also thank 
you for your support and your kindness.  
I am honored and delighted to have Dr. Denis Headon as my opponent. I am also 
grateful for my advisory committee: Prof. Juha Partanen and Dr. Tiina Immonen for 
always providing me with useful feedback and showing a never-ending interest in all my 
projects. I thank you, Juha for agreeing to be my custos and for your constant kindness. 
Tiina, I thank you for reviewing my thesis and making such useful and comprehensive 
comments. I also would like to thank Professor John Eriksson for reviewing my thesis 
and providing nice comments and encouragements. Thank you Sarah and Jackie for 
reading this thesis; you did a very grét job.
I would like to thank every past and present members of the Thesleff/Mikkola group 
who participates in making such a friendly atmosphere in the lab. I most particularly 
would like to thank Rikka Santalahti, Merja Mäkkinen and Raija Savolainen for your 
excellent technical help, your friendship and your private fi nish lessons. Being far from 
home was eased by having three moms looking after me !
Thank you Meeri, Fred, Emma, Vera, Otso, Maria, Paivi, and Laura for making 
the lab such a nice place to work in.  A special thanks to the member of the “” team, 
Laura, Paivi and Maria. Being a cockroach has never been so fun and thank you for 
listening to my ideas and for your input in my work.
A big thank you to the previous members of the lab, Ingrid, Elina, Marja, Marika, 
Pauliina and Katja. You all became very dear friends to me. Special thanks to Ingrid 
who taught me most of the techniques I had to use for conducting this project and in 
general for organizing the parties outside the lab.   
I would like to thank all my co-author who made my work possible, Dr Saskia 
Lippens, Dr Gert VanLoo and Dr Wim DeClercq, and especially, Dr Pascal Schneider for 
providing the EdaA1 protein that started the whole project.
I have been so happy to meet so many nice persons in Prof. Jukka Jernvall’s group, 
Jackie, Enni and Elodie. Elodie, you are my pie of joy and I thank you for all the 
delightful moments, scientifi c discussions. You even got my interested in  paleontology 
and statistics!
60
Acknowledgements
I am so glad I met so many awesome and interesting people in this country, most 
of them through work and the Marie Curie program. We had so much in common going 
through the process of getting our PhDs. Thank you, Jens, Heidi, Iulia, Janne, Maarja, 
Roxana, Vassilis, Shinya and Sarah for your frienship and support.
I more particularly would like to thank you, Roxana, for your positive attitude 
and the open-hearted chitchat over yams, coffee or Tequila shots. Ci vediamo tra poco, 
bella !
Sarah, from the moment you came to Helsinki until now, we always found things 
to talk about and you became a very dear friend to me. You became part of my family, 
Sweety.
Jens and Heidi, I could never thank you enough for all you have done for me, you 
have always been welcoming and made me discover the wonders of fi nish Nature. I am 
so glad, you came to France with me so that I could return the favor, I hope you know 
that you are always welcome to taste more wine and « pain » !
I also would like to thank Tinde for his help in making the layout of this thesis and 
friendship. You have always been available, no matter how last-minute my request was 
and always taking the time to chat. 
Special thanks to the PubQuizz group, Janneke, Fergal, Heidi and Jens. Every 
month we got to twist our brain on something else than work and that felt good. Thank 
you for the random knowledge I gathered over the years: Go Louder!
Adeline, dès les premières secondes de notre rencontre, nous n’avons jamais 
manqué de sujets de conversation... Tu as toujours été proche de moi, même à 2000km. 
Mille mercis d’avoir toujours été ma meilleure amie : Vive nous!
Un grand merci à mes deux familles, les Lefebvre-Altieri-D’Auria  et les Sorette-
Jops. Vous avez été mes plus grands supporteurs et vous avez toujours accepté que le 
travail prenne, quelques fois, le pas sur mes interactions avec vous. A tous mes oncles, 
tantes, cousins, cousines, beau-frères et sœurs qui ne se sont jamais fâchés de ne pas me 
voir pendant des années pour m’accueillir chaleureusement à mes retours, merci. A Davy 
venu deux fois en Finlande dont une pour me présenter sa charmante compagne, Alina: 
merci. A ma sœur et sa famille qui feront ce long voyage pour me soutenir une fois de 
plus, merci/grazie. A mes parents qui sont venus si souvent malgré mon indisponibilité, 
merci. Je suis très chanceuse de vous avoir et très fi ère de vous tous, ma réussite n’est 
que le refl et de la votre en tant que personnes et parents!
Last but certainly not least, Alain, thank you for always being by my side during 
happy, good, sad or worst moments. I could always count on you and I am looking 
forward to walking the rest of the road, hand in hand, with you. Nos châteaux dans le 
même sable, qu’est-ce que t’en dis?
Kiitos paljon, merci mille fois, grazie mille, thank you all for making this six years so 
enriching! I am fl ying away with plenty of warm memories from the cold.
Helsinki, May 2012
Sylvie Lefebvre
61
References
References
 Ahn Y, Sanderson BW, Klein OD, Krumlauf R (2010) Inhibition of Wnt signaling by Wise 
(Sostdc1) and negative feedback from Shh controls tooth number and patterning. Development 
137:3221-31.
 Allen FD, Asnes CF, Chang P, Elson EL, Lauffenburger DA, Wells A (2002) Epidermal growth 
factor induces acute matrix contraction and subsequent calpain-modulated relaxation. Wound 
Repair Regen 10:67-76.
 Almasan A, Ashkenazi A (2003) Apo2L/TRAIL: apoptosis signaling, biology, and potential for 
cancer therapy. Cytokine Growth Factor Rev 14:337-48.
 Andl T, Ahn K, Kairo A, Chu EY, Wine-Lee L, Reddy ST, et al. (2004) Epithelial Bmpr1a 
regulates differentiation and proliferation in postnatal hair follicles and is essential for tooth 
development. Development 131:2257-68.
 Andl T, Reddy ST, Gaddapara T, Millar SE (2002) WNT signals are required for the initiation of 
hair follicle development. Dev Cell 2:643-53.
 Angelini DJ, Hyun SW, Grigoryev DN, Garg P, Gong P, Singh IS, et al. (2006) TNF-alpha 
increases tyrosine phosphorylation of vascular endothelial cadherin and opens the paracellular 
pathway through fyn activation in human lung endothelia. Am J Physiol Lung Cell Mol Physiol 
291:L1232-45.
 Asaoka T, Kaunisto A, Eriksson JE (2011) Regulation of cell death by c-FLIP phosphorylation. 
Adv Exp Med Biol 691:625-30.
 Ashkenazi A, Dixit VM (1998) Death receptors: signaling and modulation. Science 281:1305-8.
 Bal E, Baala L, Cluzeau C, El Kerch F, Ouldim K, Hadj-Rabia S, et al. (2007) Autosomal 
dominant anhidrotic ectodermal dysplasias at the EDARADD locus. Hum Mutat 28:703-9.
 Banisadr G, Bhattacharyya BJ, Belmadani A, Izen SC, Ren D, Tran PB, et al. (2011) The 
chemokine BRAK/CXCL14 regulates synaptic transmission in the adult mouse dentate gyrus 
stem cell niche. Journal of neurochemistry.
 Barnfi eld PC, Zhang X, Thanabalasingham V, Yoshida M, Hui CC (2005) Negative regulation 
of Gli1 and Gli2 activator function by Suppressor of fused through multiple mechanisms. 
Differentiation 73:397-405.
 Bashyam MD, Chaudhary AK, Reddy EC, Reddy V, Acharya V, Nagarajaram HA, et al. (2011) 
An Ectodysplasin A receptor (EDAR) founder mutation results in a high frequency of the 
autosomal recessive form of Hypohidrotic Ectodermal Dysplasia in India. Br J Dermatol.
 Bastide P, Darido C, Pannequiri J, Kist R, Robine S, Marty-Double C, et al. (2007) Sox9 regulates 
cell proliferation and is required for Paneth cell differentiation in the intestinal epithelium. 
Journal of Cell Biology 178:635-48.
 Bayes M, Hartung AJ, Ezer S, Pispa J, Thesleff I, Srivastava AK, et al. (1998) The anhidrotic 
ectodermal dysplasia gene (EDA) undergoes alternative splicing and encodes ectodysplasin-A 
with deletion mutations in collagenous repeats. Hum Mol Genet 7:1661-9.
 Bazzi H, Fantauzzo KA, Richardson GD, Jahoda CA, Christiano AM (2007) The Wnt inhibitor, 
Dickkopf 4, is induced by canonical Wnt signaling during ectodermal appendage morphogenesis. 
Dev Biol 305:498-507.
 Beenken A, Mohammadi M (2009) The FGF family: biology, pathophysiology and therapy. 
Nature reviews Drug discovery 8:235-53.
62
References
 Beg AA, Ruben SM, Scheinman RI, Haskill S, Rosen CA, Baldwin AS, Jr. (1992) I kappa B 
interacts with the nuclear localization sequences of the subunits of NF-kappa B: a mechanism for 
cytoplasmic retention. Genes Dev 6:1899-913.
 Behrens J, von Kries JP, Kuhl M, Bruhn L, Wedlich D, Grosschedl R, et al. (1996) Functional 
interaction of beta-catenin with the transcription factor LEF-1. Nature 382:638-42.
 Belmadani A, Jung H, Ren D, Miller RJ (2009) The chemokine SDF-1/CXCL12 regulates the 
migration of melanocyte progenitors in mouse hair follicles. Differentiation 77:395-411.
 Ben-Zvi D, Shilo BZ, Fainsod A, Barkai N (2008) Scaling of the BMP activation gradient in 
Xenopus embryos. Nature 453:1205-11.
 Bhatia N, Thiyagarajan S, Elcheva I, Saleem M, Dlugosz A, Mukhtar H, et al. (2006) Gli2 
is targeted for ubiquitination and degradation by beta-TrCP ubiquitin ligase. J Biol Chem 
281:19320-6.
 Bitgood MJ, McMahon AP (1995) Hedgehog and Bmp genes are coexpressed at many diverse 
sites of cell-cell interaction in the mouse embryo. Dev Biol 172:126-38.
 Blecher SR, Debertin M, Murphy JS (1983) Pleiotropic effect of Tabby gene on epidermal growth 
factor-containing cells of mouse submandibular gland. The Anatomical record 207:25-9.
 Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer TA (1996) A highly effi cacious 
lymphocyte chemoattractant, stromal cell-derived factor 1 (SDF-1). The Journal of experimental 
medicine 184:1101-9.
 Bluschke G, Nusken KD, Schneider H (2010) Prevalence and prevention of severe complications 
of hypohidrotic ectodermal dysplasia in infancy. Early human development 86:397-9.
 Bodmer JL, Schneider P, Tschopp J (2002) The molecular architecture of the TNF superfamily. 
Trends Biochem Sci 27:19-26.
 Boras-Granic K, Chang H, Grosschedl R, Hamel PA (2006) Lef1 is required for the transition of 
Wnt signaling from mesenchymal to epithelial cells in the mouse embryonic mammary gland. 
Dev Biol 295:219-31.
 Bosanac I, Wertz IE, Pan B, Yu C, Kusam S, Lam C, et al. (2010) Ubiquitin Binding to A20 ZnF4 
Is Required for Modulation of NF-kappa B Signaling. Molecular cell 40:548-57.
 Bossen C, Ingold K, Tardivel A, Bodmer JL, Gaide O, Hertig S, et al. (2006) Interactions of 
tumor necrosis factor (TNF) and TNF receptor family members in the mouse and human. J Biol 
Chem 281:13964-71.
 Botchkarev VA, Botchkareva NV, Nakamura M, Huber O, Funa K, Lauster R, et al. (2001) 
Noggin is required for induction of the hair follicle growth phase in postnatal skin. FASEB J 
15:2205-14.
 Botchkarev VA, Botchkareva NV, Roth W, Nakamura M, Chen LH, Herzog W, et al. (1999) 
Noggin is a mesenchymally derived stimulator of hair-follicle induction. Nature cell biology 
1:158-64.
 Botchkarev VA, Paus R (2003) Molecular biology of hair morphogenesis: Development and 
cycling. Journal of Experimental Zoology Part B-Molecular and Developmental Evolution 
298B:164-80.
 Botchkarev VA, Sharov AA, Syska W, Maurer M, Gilchrest BA (2002) Involvement of p53 and 
Fas in hair follicle apoptosis in human skin/SCID model for chemotherapy-induced hair loss. 
Journal of Investigative Dermatology 119:286-.
 Bottcher RT, Niehrs C (2005) Fibroblast growth factor signaling during early vertebrate 
development. Endocrine reviews 26:63-77.
63
 Bouaouina M, Blouin E, Halbwachs-Mecarelli L, Lesavre P, Rieu P (2004) TNF-induced beta2 
integrin activation involves Src kinases and a redox-regulated activation of p38 MAPK. J 
Immunol 173:1313-20.
 Browning JL, French LE (2002) Visualization of lymphotoxin-beta and lymphotoxin-beta 
receptor expression in mouse embryos. J Immunol 168:5079-87.
 Buglino JA, Resh MD (2008) Hhat is a palmitoylacyltransferase with specificity for 
N-palmitoylation of Sonic Hedgehog. J Biol Chem 283:22076-88.
 Bunting K, Rao S, Hardy K, Woltring D, Denyer GS, Wang J, et al. (2007) Genome-wide analysis 
of gene expression in T cells to identify targets of the NF-kappa B transcription factor c-Rel. J 
Immunol 178:7097-109.
 Campbell JJ, Hedrick J, Zlotnik A, Siani MA, Thompson DA, Butcher EC (1998) Chemokines 
and the arrest of lymphocytes rolling under fl ow conditions. Science 279:381-4.
 Carmon KS, Gong X, Lin Q, Thomas A, Liu Q (2011) R-spondins function as ligands of the 
orphan receptors LGR4 and LGR5 to regulate Wnt/beta-catenin signaling. Proc Natl Acad Sci U 
S A 108:11452-7.
 Cavallo RA, Cox RT, Moline MM, Roose J, Polevoy GA, Clevers H, et al. (1998) Drosophila Tcf 
and Groucho interact to repress Wingless signalling activity. Nature 395:604-8.
 Celli G, LaRochelle WJ, Mackem S, Sharp R, Merlino G (1998) Soluble dominant-negative 
receptor uncovers essential roles for fi broblast growth factors in multi-organ induction and 
patterning. The EMBO journal 17:1642-55.
 Chalasani SH, Sabelko KA, Sunshine MJ, Littman DR, Raper JA (2003) A chemokine, SDF-
1, reduces the effectiveness of multiple axonal repellents and is required for normal axon 
pathfi nding. Journal of Neuroscience 23:1360-71.
 Chamoun Z, Mann RK, Nellen D, von Kessler DP, Bellotto M, Beachy PA, et al. (2001) Skinny 
hedgehog, an acyltransferase required for palmitoylation and activity of the hedgehog signal. 
Science 293:2080-4.
 Charles C, Lazzari V, Tafforeau P, Schimmang T, Tekin M, Klein O, et al. (2009) Modulation of 
Fgf3 dosage in mouse and men mirrors evolution of mammalian dentition. Proc Natl Acad Sci U 
S A 106:22364-8.
 Chassaing N, Bourthoumieu S, Cossee M, Calvas P, Vincent MC (2006) Mutations in EDAR 
account for one-quarter of non-ED1-related hypohidrotic ectodermal dysplasia. Hum Mutat 
27:255-9.
 Chassaing N, Cluzeau C, Bal E, Guigue P, Vincent MC, Viot G, et al. (2010) Mutations in 
EDARADD account for a small proportion of hypohidrotic ectodermal dysplasia cases. Br J 
Dermatol 162:1044-8.
 Chen Y, Molloy SS, Thomas L, Gambee J, Bachinger HP, Ferguson B, et al. (2001) Mutations 
within a furin consensus sequence block proteolytic release of ectodysplasin-A and cause 
X-linked hypohidrotic ectodermal dysplasia. Proc Natl Acad Sci U S A 98:7218-23.
 Chiang C, Litingtung Y, Lee E, Young KE, Corden JL, Westphal H, et al. (1996) Cyclopia and 
defective axial patterning in mice lacking Sonic hedgehog gene function. Nature 383:407-13.
 Chiang C, Swan RZ, Grachtchouk M, Bolinger M, Litingtung Y, Robertson EK, et al. (1999) 
Essential role for Sonic hedgehog during hair follicle morphogenesis. Dev Biol 205:1-9.
 Chim H, Manjila S, Cohen AR, Gosain AK (2011) Molecular signaling in pathogenesis of 
craniosynostosis: the role of fibroblast growth factor and transforming growth factor-beta. 
Neurosurgical focus 31:E7.
References
64
 Chong SW, Nguyet LM, Jiang YJ, Korzh V (2007) The chemokine Sdf-I and its receptor Cxcr4 
are required for formation of muscle in zebrafi sh. BMC developmental biology 7.
 Chu EY, Hens J, Andl T, Kairo A, Yamaguchi TP, Brisken C, et al. (2004) Canonical WNT 
signaling promotes mammary placode development and is essential for initiation of mammary 
gland morphogenesis. Development 131:4819-29.
 Chuong CM, Patel N, Lin J, Jung HS, Widelitz RB (2000) Sonic hedgehog signaling pathway in 
vertebrate epithelial appendage morphogenesis: perspectives in development and evolution. Cell 
Mol Life Sci 57:1672-81.
 Clark-Lewis I, Mattioli I, Gong JH, Loetscher P (2003) Structure-function relationship between 
the human chemokine receptor CXCR3 and its ligands. J Biol Chem 278:289-95.
 Clarke A (1987) Hypohidrotic ectodermal dysplasia. J Med Genet 24:659-63.
 Clarke A, Phillips DI, Brown R, Harper PS (1987) Clinical aspects of X-linked hypohidrotic 
ectodermal dysplasia. Archives of disease in childhood 62:989-96.
 Clevers H (2006) Wnt/beta-catenin signaling in development and disease. Cell 127:469-80.
 Clouston HR (1929) A Hereditary Ectodermal Dystrophy. Canadian Medical Association journal 
21:18-31.
 Cockwell P, Calderwood JW, Brooks CJ, Chakravorty SJ, Savage CO (2002) Chemoattraction of 
T cells expressing CCR5, CXCR3 and CX3CR1 by proximal tubular epithelial cell chemokines. 
Nephrol Dial Transplant 17:734-44.
 Cohen S, Elliott GA (1963) The stimulation of epidermal keratinization by a protein isolated from 
the submaxillary gland of the mouse. J Invest Dermatol 40.
 Cole KE, Strick CA, Paradis TJ, Ogborne KT, Loetscher M, Gladue RP, et al. (1998) Interferon-
inducible T cell alpha chemoattractant (I-TAC): a novel non-ELR CXC chemokine with potent 
activity on activated T cells through selective high affi nity binding to CXCR3. The Journal of 
experimental medicine 187:2009-21.
 Copley RR (1999) The gene for X-linked anhidrotic ectodermal dysplasia encodes a TNF-like 
domain. J Mol Med (Berl) 77:361-3.
 Cotsarelis G, Sun TT, Lavker RM (1990) Label-retaining cells reside in the bulge area of 
pilosebaceous unit: implications for follicular stem cells, hair cycle, and skin carcinogenesis. 
Cell 61:1329-37.
 Courtois G, Smahi A, Israel A (2001) NEMO/IKK gamma: linking NF-kappa B to human disease. 
Trends Mol Med 7:427-30.
 Courtois G, Smahi A, Reichenbach J, Doffinger R, Cancrini C, Bonnet M, et al. (2003) A 
hypermorphic IkappaBalpha mutation is associated with autosomal dominant anhidrotic 
ectodermal dysplasia and T cell immunodefi ciency. J Clin Invest 112:1108-15.
 Crocker M, Cattanach BM (1979) The genetics of Sleek: a possible regulatory mutation of the 
tabby-crinkled-downless syndrome. Genetical research 34:231-8.
 Cui CY, Durmowicz M, Tanaka TS, Hartung AJ, Tezuka T, Hashimoto K, et al. (2002) EDA 
targets revealed by skin gene expression profiles of wild-type, Tabby and Tabby EDA-A1 
transgenic mice. Hum Mol Genet 11:1763-73.
 Cui CY, Hashimoto T, Grivennikov SI, Piao Y, Nedospasov SA, Schlessinger D (2006) 
Ectodysplasin regulates the lymphotoxin-beta pathway for hair differentiation. Proc Natl Acad 
Sci U S A 103:9142-7.
 Cui CY, Schlessinger D (2006) EDA signaling and skin appendage development. Cell Cycle 
5:2477-83.
References
65
 Dahmane N, Lee J, Robins P, Heller P, Ruiz i Altaba A (1997) Activation of the transcription 
factor Gli1 and the Sonic hedgehog signalling pathway in skin tumours. Nature 389:876-81.
 Dambly-Chaudiere C, Cubedo N, Ghysen A (2007) Control of cell migration in the development 
of the posterior lateral line: antagonistic interactions between the chemokine receptors CXCR4 
and CXCR7/RDC1. BMC developmental biology 7:23.
 Darnay BG, Haridas V, Ni J, Moore PA, Aggarwal BB (1998) Characterization of the intracellular 
domain of receptor activator of NF-kappaB (RANK). Interaction with tumor necrosis factor 
receptor-associated factors and activation of NF-kappab and c-Jun N-terminal kinase. J Biol 
Chem 273:20551-5.
 Darnay BG, Ni J, Moore PA, Aggarwal BB (1999) Activation of NF-kappaB by RANK requires 
tumor necrosis factor receptor-associated factor (TRAF) 6 and NF-kappaB-inducing kinase. 
Identifi cation of a novel TRAF6 interaction motif. J Biol Chem 274:7724-31.
 Darwin C (1875) The variation of animals and plants under domestication. 2nd ed. John murray.
 DasGupta R, Fuchs E (1999) Multiple roles for activated LEF/TCF transcription complexes 
during hair follicle development and differentiation. Development 126:4557-68.
 David NB, Sapede D, Saint-Etienne L, Thisse C, Thisse B, Dambly-Chaudiere C, et al. (2002) 
Molecular basis of cell migration in the fi sh lateral line: role of the chemokine receptor CXCR4 
and of its ligand, SDF1. Proc Natl Acad Sci U S A 99:16297-302.
 De A (2011) Wnt/Ca2+ signaling pathway: a brief overview. Acta biochimica et biophysica 
Sinica 43:745-56.
 de Caestecker M (2004) The transforming growth factor-beta superfamily of receptors. Cytokine 
Growth Factor Rev 15:1-11.
 de Jong EK, de Haas AH, Brouwer N, van Weering HR, Hensens M, Bechmann I, et al. (2008) 
Expression of CXCL4 in microglia in vitro and in vivo and its possible signaling through 
CXCR3. Journal of neurochemistry 105:1726-36.
 de Lau W, Barker N, Low TY, Koo BK, Li VS, Teunissen H, et al. (2011) Lgr5 homologues 
associate with Wnt receptors and mediate R-spondin signalling. Nature 476:293-7.
 Dempsey PW, Doyle SE, He JQ, Cheng G (2003) The signaling adaptors and pathways activated 
by TNF superfamily. Cytokine Growth Factor Rev 14:193-209.
 Deng L, Wang C, Spencer E, Yang L, Braun A, You J, et al. (2000) Activation of the IkappaB 
kinase complex by TRAF6 requires a dimeric ubiquitin-conjugating enzyme complex and a 
unique polyubiquitin chain. Cell 103:351-61.
 Dhouailly D (1973) Dermo-epidermal interactions between birds and mammals: differentiation 
of cutaneous appendages. Journal of embryology and experimental morphology 30:587-603.
 Di Marcotullio L, Ferretti E, Greco A, De Smaele E, Po A, Sico MA, et al. (2006) Numb is a 
suppressor of Hedgehog signalling and targets Gli1 for Itch-dependent ubiquitination. Nature cell 
biology 8:1415-23.
 Dickson KM, Bhakar AL, Barker PA (2004) TRAF6-dependent NF-kB transcriptional activity 
during mouse development. Dev Dyn 231:122-7.
 Dry FW (1926) The coat of the mouse (Mus Musculus). J Genet 16:16.
 Duheron V, Hess E, Duval M, Decossas M, Castaneda B, Klopper JE, et al. (2011) Receptor 
activator of NF-kappaB (RANK) stimulates the proliferation of epithelial cells of the epidermo-
pilosebaceous unit. Proc Natl Acad Sci U S A 108:5342-7.
 Dunaeva M, Michelson P, Kogerman P, Toftgard R (2003) Characterization of the physical 
interaction of Gli proteins with SUFU proteins. J Biol Chem 278:5116-22.
References
66
 Dunbar ME, Dann PR, Robinson GW, Hennighausen L, Zhang JP, Wysolmerski JJ (1999) 
Parathyroid hormone-related protein signaling is necessary for sexual dimorphism during 
embryonic mammary development. Development 126:3485-93.
 Dupuis-Girod S, Corradini N, Hadj-Rabia S, Fournet JC, Faivre L, Le Deist F, et al. (2002) 
Osteopetrosis, lymphedema, anhidrotic ectodermal dysplasia, and immunodefi ciency in a boy and 
incontinentia pigmenti in his mother. Pediatrics 109:e97.
 Durmowicz MC, Cui CY, Schlessinger D (2002) The EDA gene is a target of, but does not 
regulate Wnt signaling. Gene 285:203-11.
 Eby MT, Jasmin A, Kumar A, Sharma K, Chaudhary PM (2000) TAJ, a novel member of 
the tumor necrosis factor receptor family, activates the c-Jun N-terminal kinase pathway and 
mediates caspase-independent cell death. J Biol Chem 275:15336-42.
 Echelard Y, Epstein DJ, St-Jacques B, Shen L, Mohler J, McMahon JA, et al. (1993) Sonic 
hedgehog, a member of a family of putative signaling molecules, is implicated in the regulation 
of CNS polarity. Cell 75:1417-30.
 Engelhardt E, Toksoy A, Goebeler M, Debus S, Brocker EB, Gillitzer R (1998) Chemokines IL-8, 
GROalpha, MCP-1, IP-10, and Mig are sequentially and differentially expressed during phase-
specifi c infi ltration of leukocyte subsets in human wound healing. Am J Pathol 153:1849-60.
 Eriksson JE, Vandenabeele P (2011) Workshop summary: cell death mechanisms controlled by 
the TNF family. Adv Exp Med Biol 691:585-8.
 Ezer S, Bayes M, Elomaa O, Schlessinger D, Kere J (1999) Ectodysplasin is a collagenous 
trimeric type II membrane protein with a tumor necrosis factor-like domain and co-localizes with 
cytoskeletal structures at lateral and apical surfaces of cells. Hum Mol Genet 8:2079-86.
 Falconer DS (1952) A totally sex-linked gene in the house mouse. Nature 169:664-5.
 Farber JM (1997) Mig and IP-10: CXC chemokines that target lymphocytes. Journal of leukocyte 
biology 61:246-57.
 Fata JE, Kong YY, Li J, Sasaki T, Irie-Sasaki J, Moorehead RA, et al. (2000) The osteoclast 
differentiation factor osteoprotegerin-ligand is essential for mammary gland development. Cell 
103:41-50.
 Feijen A, Goumans MJ, van den Eijnden-van Raaij AJ (1994) Expression of activin subunits, 
activin receptors and follistatin in postimplantation mouse embryos suggests specific 
developmental functions for different activins. Development 120:3621-37.
 Fessing MY, Sharova TY, Sharov AA, Atoyan R, Botchkarev VA (2006) Involvement of the Edar 
signaling in the control of hair follicle involution (catagen). Am J Pathol 169:2075-84.
 Foitzik K, Lindner G, Mueller-Roever S, Maurer M, Botchkareva N, Botchkarev V, et al. (2000) 
Control of murine hair follicle regression (catagen) by TGF-beta 1 in vivo. Faseb Journal 
14:752-60.
 Foitzik K, Paus R, Doetschman T, Dotto GP (1999) The TGF-beta2 isoform is both a required 
and suffi cient inducer of murine hair follicle morphogenesis. Dev Biol 212:278-89.
 Foley J, Dann P, Hong J, Cosgrove J, Dreyer B, Rimm D, et al. (2001) Parathyroid hormone-
related protein maintains mammary epithelial fate and triggers nipple skin differentiation during 
embryonic breast development. Development 128:513-25.
 Fuchs E (2007) Scratching the surface of skin development. Nature 445:834-42.
 Fuchs E, Horsley V (2008) More than one way to skin. Genes Dev 22:976-85.
 Gaide O, Schneider P (2003) Permanent correction of an inherited ectodermal dysplasia with 
recombinant EDA. Nat Med 9:614-8.
References
67
 Gallo G, Letourneau PC (2004) Regulation of growth cone actin fi laments by guidance cues. 
Journal of neurobiology 58:92-102.
 Garcia-Andres C, Torres M (2010) Comparative expression pattern analysis of the highly 
conserved chemokines SDF1 and CXCL14 during amniote embryonic development. Dev Dyn 
239:2769-77.
Garcia-Lopez MA, Sanchez-Madrid F, Rodriguez-Frade JM, Mellado M, Acevedo A, Garcia MI, 
et al. (2001) CXCR3 ch emokine receptor distribution in normal and infl amed tissues: expression 
on activated lymphocytes, endothelial cells, and dendritic cells. Laboratory investigation; a 
journal of technical methods and pathology 81:409-18.
Gentle IE, Silke J (2011) New perspectives in TNF-R1-induced NF-kappaB signaling. Adv Exp 
Med Biol 691:79-88.
Ghali L, Wong ST, Green J, Tidman N, Quinn AG (1999) Gli1 protein is expressed in basal cell 
carcinomas, outer root sheath keratinocytes and a subpopulation of mesenchymal cells in normal 
human skin. J Invest Dermatol 113:595-9.
Ghosh S, May MJ, Kopp EB (1998) NF-kappa B and Rel proteins: evolutionarily conserved 
mediators of immune resp onses. Annual review of immunology 16:225-60.
Gilgenkrantz S, Blanchet-Bardon C, Nazzaro V, Formiga L, Mujica P, Alembik Y (1989) 
Hypohidrotic ectodermal dy splasia. Clinical study of a family of 30 over three generations. Hum 
Genet 81:120-2.
Gonzalvez F, Ashkenazi A (2010) New insights into apoptosis signaling by Apo2L/TRAIL. 
Oncogene 29:4752-65.
Go rdon MD, Nusse R (2006) Wnt signaling: multiple pathways, multiple receptors, and multiple 
transcription fac tors. J Biol Chem 281:22429-33.
Gospodarowicz D, Handley HH (1975) Stimulation of division of Y1 adrenal cells by a growth 
factor isolated fro m bovine pituitary glands. Endocrinology 97:102-7.
Grech A, Quinn R, Srinivasan D, Badoux X, Brink R (2000) Complete structural characterisation 
of the mammalian and Drosophila TRAF genes: implications for TRAF evolution and the role of 
RING fi nger splice variants. Molecular immunology 37:721-34.
Gritli-Linde A, Bei M, Maas R, Zhang XM, Linde A, McMahon AP (2002) Shh signaling within 
the dental epithelium is necessary for cell proliferation, growth and polarization. Development 
129:5323-37.
Gritli-Linde A, Hallberg K, Harfe BD, Reyahi A, Kannius-Janson M, Nilsson J, et al. (2007) 
Abnormal hair devel opment and apparent follicular transformation to mammary gland in the 
absence of hedgehog signaling. Dev Cell 12:99-112.
Groppe J, Hinck CS, Samavarchi-Tehrani P, Zubieta C, Schuermann JP, Taylor AB, et al. (2008) 
Cooperative assem bly of TGF-beta superfamily signaling complexes is mediated by two disparate 
mechanisms and distinct modes of receptor binding. Molecular cell 29:157-68.
Gruneberg H (1966a) The molars of the tabby mouse, and a test of the ‘single-active 
X-chromosome’ hypothesis.  Journal of embryology and experimental morphology 15:223-44.
Gruneberg H (1966b) More about the tabby mouse and about the Lyon hypothesis. Journal of 
embryology and experi mental morphology 16:569-90.
Gruneberg H (1971) Exocrine glands and the Chievitz organ of some mouse mutants. Journal of 
embryology and exp erimental morphology 25:247-61.
Ha H, Han D, Choi Y (2009) TRAF-mediated TNFR-family signaling. Current protocols in 
immunology / edited by Jo hn E Coligan  [et al] Chapter 11:Unit11 9D.
References
68
Haara O, Fujimori S, Schmidt-Ullrich R, Hartmann C, Thesleff I, Mikkola ML (2011) 
Ectodysplasin and Wnt pathwa ys are required for salivary gland branching morphogenesis. 
Development 138:2681-91.
Hacker H, Tseng PH, Karin M (2011) Expanding TRAF function: TRAF3 as a tri-faced immune 
regulator. Nature revi ews Immunology 11:457-68.
Hammerschmidt M, Brook A, McMahon AP (1997) The world according to hedgehog. Trends in 
genetics : TIG 13:14-21 .
Hancock WW, Lu B, Gao W, Csizmadia V, Faia K, King JA, et al. (2000) Requirement of the 
chemokine receptor CXC R3 for acute allograft rejection. The Journal of experimental medicine 
192:1515-20.
Hanna AN, Berthiaume LG, Kikuchi Y, Begg D, Bourgoin S, Brindley DN (2001) Tumor necrosis 
factor-alpha induces stress fi ber formation through ceramide production: role of sphingosine 
kinase. Molecular biology of the cell 12:3618-30.
Hardy MH (1992) The secret life of the hair follicle. Trends in genetics : TIG 8:55-61.
Hardy MH, Vielkind U  (1996) Changing patterns of cell adhesion molecules during mouse 
pelage hair follicle dev elopment. 1. Follicle morphogenesis in wild-type mice. Acta anatomica 
157:169-82.
Harhaj EW, Dixit VM (2011) Deubiquitinases in the regulation of NF-kappaB signaling. Cell 
research 21:22-39.
 Harris A, Collins J, Vetrie D, Cole C, Bobrow M (1992) X inactivation as a mechanism of 
selection against leth al alleles: further investigation of incontinentia pigmenti and X linked 
lymphoproliferative disease. J Med Genet 29:608-14.
Hashimoto T, Schlessinger D, Cui CY (2008) Troy binding to lymphotoxin-alpha activates NF 
kappa B mediated tra nscription. Cell Cycle 7:106-11.
Hatsell SJ, Cowin P (2006) Gli3-mediated repression of Hedgehog targets is required for normal 
mammary develop ment. Development 133:3661-70.
Headon DJ, Emmal SA, Ferguson BM, Tucker AS, Justice MJ, Sharpe PT, et al. (2001) Gene 
defect in ectodermal dy splasia implicates a death domain adapter in development. Nature 
414:913-6.
Headon DJ, Overbeek PA (1999) Involvement of a novel Tnf receptor homologue in hair follicle 
induction. Nat Ge net 22:370-4.
Hebert JM, Rosenquist T, Gotz J, Martin GR (1994) FGF5 as a regulator of the hair growth cycle: 
evidence from  targeted and spontaneous mutations. Cell 78:1017-25.
Hehlgans T, Pfeffer K (2005) The intriguing biology of the tumour necrosis factor/tumour 
necrosis factor recep tor superfamily: players, rules and the games. Immunology 115:1-20.
Heldin CH, Miyazono K, ten Dijke P (1997) TGF-beta signalling from cell membrane to nucleus 
through SMAD prote ins. Nature 390:465-71.
Hennighausen L, Robinson GW (2001) Signaling pathways in mammary gland development. 
Dev Cell 1:467-75.
Hens J R, Dann P, Zhang JP, Harris S, Robinson GW, Wysolmerski J (2007) BMP4 and PTHrP 
interact to stimulate du ctal outgrowth during embryonic mammary development and to inhibit 
hair follicle induction. Development 134:1221-30.
Hinck AP, Archer SJ, Qian SW, Roberts AB, Sporn MB, Weatherbee JA, et al. (1996) 
Transforming growth factor be ta 1: three-dimensional structure in solution and comparison with 
the X-ray structure of transforming growth factor beta 2. Biochemistry 35:8517-34.
References
69
Hoang B, Moos M, Jr., Vukicevic S, Luyten FP (1996) Primary structure and tissue distribution 
of FRZB, a novel protein related to Drosophila frizzled, suggest a role in skeletal morphogenesis. 
J Biol Chem 271:26131-7.
Hoffmann A, Preobrazhenska O, Wodarczyk C, Medler Y, Winkel A, Shahab S, et al. (2005) 
Transforming growth fac tor-beta-activated kinase-1 (TAK1), a MAP3K, interacts with Smad 
proteins and interferes with osteogenesis in murine mesenchymal progenitors. J Biol Chem 
280:27271-83.
Hogan BL (1996) Bone morphogenetic proteins in development. Current opinion in genetics & 
development 6:432-8. 
Hoser M, Potzner MR, Koch JM, Bosl MR, Wegner M, Sock E (2008) Sox12 deletion in the 
mouse reveals nonreciproc al redundancy with the related Sox4 and Sox11 transcription factors. 
Mol Cell Biol 28:4675-87.
Hsu H, Huang J, Shu HB, Baichwal V, Goeddel DV (1996) TNF-dependent recruitment of the 
protein kinase RIP to t he TNF receptor-1 signaling complex. Immunity 4:387-96.
Hsu YC, Pasolli HA, Fuchs E (2011) Dynamics between stem cells, niche, and progeny in the 
hair follicle. Cell  144:92-105.
Hu S, Tamada K, Ni J, Vincenz C, Chen L (1999) Characterization of TNFRSF19, a novel 
member of the tumor necro sis factor receptor superfamily. Genomics 62:103-7.
Huangfu D, Anderson KV (2006) Signaling from Smo to Ci/Gli: conservation and divergence of 
Hedgehog pathways f rom Drosophila to vertebrates. Development 133:3-14.
Huelsken J, Vogel R, Erdmann B, Cotsarelis G, Birchmeier W (2001) beta-Catenin controls hair 
follicle morphoge nesis and stem cell differentiation in the skin. Cell 105:533-45.
Humke EW, Dorn KV, Milenkovic L, Scott MP, Rohatgi R (2010) The output of Hedgehog 
signaling is controlled by  the dynamic association between Suppressor of Fused and the Gli 
proteins. Genes Dev 24:670-82.
Huntzicker EG, Estay IS, Zhen H, Lokteva LA, Jackson PK, Oro AE (2006) Dual degradation 
signals control Gli pr otein stability and tumor formation. Genes Dev 20:276-81.
Hutt FB (1935) An earlier record of the toothless men of Sind. J Hered 26:3.
Hymowitz SG, Compaan DM, Yan M,  Wallweber HJ, Dixit VM, Starovasnik MA, et al. (2003) 
The crystal structures o f EDA-A1 and EDA-A2: splice variants with distinct receptor specifi city. 
Structure 11:1513-20.
Idriss HT, Naismith JH (2000) TNF alpha and the TNF receptor superfamily: structure-function 
relationship(s).  Microscopy research and technique 50:184-95.
Ikner A, Ashkenazi A (2011) TWEAK induces apoptosis through a death-signaling complex 
comprising receptor-inte racting protein 1 (RIP1), Fas-associated death domain (FADD), and 
caspase-8. J Biol Chem 286:21546-54.
Ingham PW (1998) Transducing Hedgehog: the story so far. The EMBO journal 17:3505-11.
Ingham PW, Nakano Y, Se ger C (2011) Mechanisms and functions of Hedgehog signalling across 
the metazoa. Nature reviews Genetics 12:393-406.
Ishitani T, Ninomiya-Tsuji J, Nagai S, Nishita M, Meneghini M, Barker N, et al. (1999) 
The TAK1-NLK-MAPK-relat ed pathway antagonizes signalling between beta-catenin and 
transcription factor TCF. Nature 399:798-802.
Itasaki N, Jones CM, Mercurio S, Rowe A, Domingos PM, Smith JC, et al. (2003) Wise, a 
context-dependent activa tor and inhibitor of Wnt signalling. Development 130:4295-305.
References
70
Ito M, Kizawa K, Hamada K, Cotsarelis G (2004) Hair follicle stem cells in the lower bulge 
form the secondary  germ, a biochemically distinct but functionally equivalent progenitor cell 
population, at the termination of catagen. Differentiation 72:548-57.
Ito M, Liu Y, Yang Z, Nguyen J, Liang F, Morris RJ, et al. (2005) Stem cells in the hair follicle 
bulge contri bute to wound repair but not to homeostasis of the epidermis. Nat Med 11:1351-4.
Itoh N (2010) Hormone-like (endocrine) Fgfs: their evolutionary history and roles in 
development, metabolism,  and disease. Cell and tissue research 342:1-11.
Itoh N, Ornitz DM (2008) Functional evolutionary history of the mouse Fgf gene family. Dev 
Dyn 237:18-27.
Ito h N, Ornitz DM (2011) Fibroblast growth factors: from molecular evolution to roles in 
development, metaboli sm and disease. Journal of biochemistry 149:121-30.
Itoh S, Itoh F, Goumans MJ, Ten Dijke P (2000) Signaling of transforming growth factor-beta 
family members thr ough Smad proteins. European journal of biochemistry / FEBS 267:6954-67.
Jamora C, Lee P, Kocieniewski P, Azhar M, Hosokawa R, Chai Y, et al. (2005) A signaling 
pathway involving TGF- beta2 and snail in hair follicle morphogenesis. PLoS Biol 3:e11.
Jarvinen E, Salazar-Ciudad I, Birchmeier W, Taketo MM, Jernvall J, Thesleff I (2006) Continuous 
tooth generati on in mouse is induced by activated epithelial Wnt/beta-catenin signaling. Proc 
Natl Acad Sci U S A 103:18627-32.
Jernvall J, Kettunen P, Karavanova I, Martin LB, Thesleff I (1994) Evidence for the role of the 
enamel knot as a control center in mammalian tooth cusp formation: non-dividing cells express 
growth stimulating Fgf-4 gene. Int J Dev Biol 38:463-9.
Jernvall J, Thesleff I (2000) Reiterative signaling and patterning during mammalian tooth 
morphogenesis. Mech  Dev 92:19-29.
Jiang Y, Woronicz JD, Liu W, Goeddel DV (1999) Prevention of constitutive TNF receptor 1 
signaling by silencer of death domains. Science 283:543-6.
Johnson EL, Roberts MW, Guckes AD, Bailey LJ, Phillips CL, Wright JT (2002) Analysis of 
craniofacial developme nt in children with hypohidrotic ectodermal dysplasia. American journal 
of medical genetics 112:327-34.
Kalinina J, Byron SA, Makarenkova HP, Olsen SK, Eliseenkova AV, Larochelle WJ, et al. (2009) 
Homodimerization  controls the fi broblast growth factor 9 subfamily’s receptor binding and 
heparan sulfate-dependent diffusion in the extracellular matrix. Mol Cell Biol 29:4663-78.
Kangas AT, Evans AR, Thesleff I, Jernvall J (2004) Nonindependence of mammalian dental 
characters. Nature 432: 211-4.
Kanno Y, Sakurai D, Hase H, Kojima H, Kobata T (2010) TACI induces cIAP1-mediated 
ubiquitination of NIK by TRA F2 and TANK to limit non-canonical NF-kappaB signaling. 
Journal of receptor and signal transduction research 30:121-32.
Karin M, Ben-Neriah Y (2000) Phosphorylation meets ubiquitination: the control of NF-[kappa]
B activity. Annual review of immunology 18:621-63.
Kashiwagi M, Kuroki T, Huh N (1997) Specifi c inhibition of hair follicle formation by epidermal 
growth factor  in an organ culture of developing mouse skin. Dev Biol 189:22-32.
Kelliher MA, Grimm S, Ishida Y, Kuo F, Stanger BZ, Leder P (1998) The death domain kinase 
RIP mediates the TNF -induced NF-kappaB signal. Immunity 8:297-303.
Kere J, Srivastava AK, Montonen O, Zonana J, Thomas N, Ferguson B, et al. (1996) X-linked 
anhidrotic (hypohidr otic) ectodermal dysplasia is caused by mutation in a novel transmembrane 
protein. Nat Genet 13:409-16.
Kerr CB, Wells R. S., Cooper K.E. (1966) Gene effect in carriers of anhidrotic ectodermal 
dysplasia. J Med Gen et 3:8.
References
71
Kettunen P, Thesleff I (1998) Expression and function of FGFs-4, -8, and -9 suggest functional 
redundancy and  repetitive use as epithelial signals during tooth morphogenesis. Dev Dyn 
211:256-68.
Kise Y, Morinaka A, Teglund S, Miki H (2009) Sufu recruits GSK3beta for effi cient processing 
of Gli3. Biochem  Biophys Res Commun 387:569-74.
Kiso M, Tanaka S, Saba R, Matsuda S, Shimizu A, Ohyama M, et al. (2009) The disruption of 
Sox21-mediated hair  shaft cuticle differentiation causes cyclic alopecia in mice. Proc Natl Acad 
Sci U S A 106:9292-7.
Klaus A, Birchmeier W (2008) Wnt signalling and its impact on development and cancer. Nature 
reviews Cancer 8: 387-98.
Klika V, Baker RE, Headon D, Gaffney EA (2012) The Influence of Receptor-Mediated 
Interactions on Reaction-Dif fusion Mechanisms of Cellular Self-organisation. Bulletin of 
mathematical biology 74:935-57.
Knaut H, Werz C, Geisler R, Nusslein-Volhard C (2003) A zebrafi sh homologue of the chemokine 
receptor Cxcr4 is a germ-cell guidance receptor. Nature 421:279-82.
Kobielak K, Stokes N, de la Cruz J, Polak L, Fuchs E (2007) Loss of a quiescent niche but not 
follicle stem ce lls in the absence of bone morphogenetic protein signaling. Proc Natl Acad Sci U 
S A 104:10063-8.
Koga C, Adati N, Nakata K, Mikoshiba K, Furuhata Y, Sato S, et al. (1999) Characterization of a 
novel member o f the FGF family, XFGF-20, in Xenopus laevis. Biochem Biophys Res Commun 
261:756-65.
Kogerman P, Grimm T, Kogerman L, Krause D, Unden AB, Sandstedt B, et al. (1999) 
Mammalian suppressor-of-fused  modulates nuclear-cytoplasmic shuttling of Gli-1. Nature cell 
biology 1:312-9.
Kojima T, Morikawa Y, Copeland NG, Gilbert DJ, Jenkins NA, Senba E, et al. (2000) TROY, a 
newly identifi ed mem ber of the tumor necrosis factor receptor superfamily, exhibits a homology 
with Edar and is expressed in embryonic skin and hair follicles. J Biol Chem 275:20742-7.
Kollar EJ (1970) The induction of hair follicles by embryonic dermal papillae. J Invest Dermatol 
55:374-8.
Ko ng YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C, et al. (1999) OPGL is a key 
regulator of osteocla stogenesis, lymphocyte development and lymph-node organogenesis. Nature 
397:315-23.
Koppinen P, Pispa J, Laurikkala J, Thesleff I, Mikkola ML (2001) Signaling and subcellular 
localization of the TNF receptor Edar. Exp Cell Res 269:180-92.
Kovalenko A, Chable-Bessia C, Cantarella G, Israel A, Wallach D, Courtois G (2003) The 
tumour suppressor CYLD  negatively regulates NF-kappaB signalling by deubiquitination. Nature 
424:801-5.
Koyama E, Yamaai T, Iseki S, Ohuchi H, Nohno T, Yoshioka H, et al. (1996) Polarizing activity, 
Sonic hedgehog, and tooth development in embryonic and postnatal mouse. Dev Dyn 206:59-72.
Kratochwil K, Dull M, Farinas I, Galceran J, Grosschedl R (1996) Lef1 expression is activated 
by BMP-4 and reg ulates inductive tissue interactions in tooth and hair development. Genes Dev 
10:1382-94.
Kristenova P, Peterka M, Lisi S, Gendrault JL, Lesot H, Peterkova R (2002) Different 
morphotypes of functional dentition in the lower molar region of tabby (EDA) mice. Orthodontics 
& craniofacial research 5:205-14.
Kulessa H, Turk G, Hogan BL (2000) Inhibition of Bmp signaling affects growth and 
differentiation in the anage n hair follicle. The EMBO journal 19:6664-74.
References
72
Kutsuna H, Suzuki K, Kamata N, Kato T, Hato F, Mizuno K, et al. (2004) Actin reorganization 
and morphological  changes in human neutrophils stimulated by TNF, GM-CSF, and G-CSF: the 
role of MAP kinases. American journal of physiology Cell physiology 286:C55-64.
Lacotte S, Brun S, Muller S, Dumortier H (2009) CXCR3, infl ammation, and autoimmune 
diseases. Ann N Y Acad Sci 1173:310-7.
Lagna G, Hata A, Hemmati-Brivanlou A, Massague J (1996) Partnership between DPC4 and 
SMAD proteins in TGF-beta signalling pathways. Nature 383:832-6.
Lamartine J (2003) Towards a new classifi cation of ectodermal dysplasias. Clin Exp Dermatol 
28:351-5.
Landstr om M (2010) The TAK1-TRAF6 signalling pathway. Int J Biochem Cell Biol 42:585-9.
Landy SJ, Donnai D (1 993) Incontinentia pigmenti (Bloch-Sulzberger syndrome). J Med Genet 
30:53-9.
Laurikkala J, Mikkola M, Mustonen T, Aberg T, Koppinen P, Pispa J, et al. (2001) TNF signaling 
via the ligand- receptor pair ectodysplasin and edar controls the function of epithelial signaling 
centers and is regulated by Wnt and activin during tooth organogenesis. Dev Biol 229:443-55.
Laurikkala J, Pispa J, Jung HS, Nieminen P, Mikkola M, Wang X, et al. (2002) Regulation of 
hair follicle devel opment by the TNF signal ectodysplasin and its receptor Edar. Development 
129:2541-53.
Lee JD, Treisman JE (2001) Sightless has homology to transmembrane acyltransferases and is 
required to generat e active Hedgehog protein. Curr Biol 11:1147-52.
Levy V, Lindon C, Zheng Y, Harfe BD, Morgan BA (2007) Epidermal stem cells arise from the 
hair follicle after  wounding. FASEB J 21:1358-66.
Li AG, Koster MI, Wang XJ (2003) Roles of TGF beta signaling in epidermal/appendage 
development. Cytokine & Gr owth Factor Reviews 14:99-111.
Lin K, Wang S, Julius MA, Kitajewski J, Moos M, Jr., Luyten FP (1997) The cysteine-rich 
frizzled domain of Frz b-1 is required and suffi cient for modulation of Wnt signaling. Proc Natl 
Acad Sci U S A 94:11196-200.
Lin KK, Chudova D, Hatfi eld GW, Smyth P, Andersen B (2004) Identifi cation of hair cycle-
associated genes from  time-course gene expression profi le data by using replicate variance. Proc 
Natl Acad Sci U S A 101:15955-60.
Lind LK, Stecksen-Blicks C, Lejon K, Schmitt-Egenolf M (2006) EDAR mutation in autosomal 
dominant hypohidrotic ectodermal dysplasia in two Swedish families. BMC medical genetics 
7:80.
Lippens S, Hoste E, Vandenabeele P, Agostinis P, Declercq W (2009) Cell death in the skin. 
Apoptosis 14:549-69 .
Little SC, Mullins MC (2009) Bone morphogenetic protein heterodimers assemble heteromeric 
type I receptor comp lexes to pattern the dorsoventral axis. Nature cell biology 11:637-43.
Liu F, Millar SE (2010) Wnt/beta-catenin signaling in oral tissue development and disease. 
Journal of dental r esearch 89:318-30.
Loetscher P, Pellegrino A, Gong JH, Mattioli I, Loetscher M, Bardi G, et al. (2001) The ligands 
of CXC chemoki ne receptor 3, I-TAC, Mig, and IP10, are natural antagonists for CCR3. J Biol 
Chem 276:2986-91.
Logan CY, Nusse R (2004) The Wnt signaling pathway in development and disease. Annual 
review of cell and devel opmental biology 20:781-810.
Lowry WE, Blanpain C, Nowak JA, Guasch G, Lewis L, Fuchs E (2005) Defi ning the impact of 
beta-catenin/Tcf tran sactivation on epithelial stem cells. Gene Dev 19:1596-611.
References
73
Lumsden AG (1988) Spatial organization of the epithelium and the role of neural crest cells in the 
initiation  of the mammalian tooth germ. Development 103 Suppl:155-69.
Luster AD, Greenberg SM, Leder P (1995) The IP-10 chemokine binds to a specifi c cell surface 
heparan sulfate s ite shared with platelet factor 4 and inhibits endothelial cell proliferation. The 
Journal of experimental medicine 182:219-31.
Lyons KM, Pelton RW, Hogan BL (1990) Organogenesis and pattern formation in the mouse: 
RNA distribution patterns suggest a role for bone morphogenetic protein-2A (BMP-2A). 
Development 109:833-44.
Ma Q, Jones D, Borghesani P R, Segal RA, Nagasawa T, Kishimoto T, et al. (1998) Impaired 
B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration in CXCR4- and SDF-
1-defi cient mice. Proc Natl Acad Sci U S A 95: 9448-53.
Magerl M, Tobin DJ, Muller-Rover S, Hagen E, Lindner G, McKay IA, et al. (2001) Patterns 
of proliferation and apoptosis during murine hair follicle morphogenesis. J Invest Dermatol 
116:947-55.
Magloire H, Romeas A, Melin M, Couble ML, Bleicher F, Farges JC (2001) Molecular regulation 
of odontoblast activity under dentin injury. Advances in dental research 15:46-50.
Mailleux AA, Spencer-Dene B, Dillon C, Ndiaye D, Savona-Baron C, Itoh N, et al. (2002) 
Role of FGF10/FGFR2b signaling during mammary gland development in the mouse embryo. 
Development 129:53-60.
Maksimow M, Soderstrom TS, J alkanen S, Eriksson JE, Hanninen A (2006) Fas costimulation 
of naive CD4 T cells is controlled by NF-kappaB signaling and caspase activity. Journal of 
leukocyte biology 79:369-77.
Malinin NL, Bol din MP, Kovalenko AV, Wallach D (1997) MAP3K-related kinase involved in 
NF-kappaB induction by TNF, CD95 and IL-1. Nature 385:540-4.
Mao B, Niehrs C (2003) Kremen2 modulates Dickkopf2 activity during Wnt/LRP6 signaling. 
Gene 302:179-83.
Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, et al. (2001) LDL-receptor-related protein 6 
is a receptor for Dickkop f proteins. Nature 411:321-5.
Martin P (1990) Tissue patterning in the developing mouse limb. Int J Dev  Biol 34:323-36.
Mason I (1994) Cell signalling. Do adhesion molecules signal via FGF receptors? Curr Biol 
4:1158-61.
Massague J (2000) How cells rea d TGF-beta signals. Nature reviews Molecular cell biology 
1:169-78.
Massague J, Wotton D ( 2000) Transcriptional control by the TGF-beta/Smad signaling system. 
The EMBO journal 19:1745-54.
Mas soumi R, Chmielarska K, Hennecke K, Pfeifer A, Fassler R (2006) Cyld inhibits tumor cell 
proliferati on by blocking Bcl-3-dependent NF-kappaB signaling. Cell 125:665-77.
Mathew SJ, Haubert D, Kronke M, Leptin M (2009) Loo king beyond death: a morphogenetic 
role for the TNF signalling pathway. J Cell Sci 122:1939-46.
Matzuk MM, Lu N, Vogel H, Sellheyer K, Roop DR, Bradley A (1995) Multiple de fects and 
perinatal death in mice defi cient in follistatin. Nature 374:360-3.
McGrath KE, Koniski AD, Maltby KM, McGann JK, Palis J (1999) Embryoni c expression and 
function of the chemokine SDF-1 and its receptor, CXCR4. Dev Biol 213:442-56.
McKenzie JA, Ridley AJ (2007) Roles of Rho/ROCK and MLCK in TNF-alpha-induced changes 
in endothelial morphology and permeability. Journal of cellular physiology 213:221-8.
References
74
McLellan JS, Zheng X, Hauk G, Ghirlando R, Beachy P A, Leahy DJ (2008) The mode of 
Hedgehog binding to Ihog homologues is not conserved across different phyla. Nature 455:979-
83.
McPherron AC, Lee SJ (1993) GDF-3 and GDF-9:  two new members of the transforming growth 
factor-beta superfamily containing a novel pattern of cysteines. J Biol Chem 268:3444-9.
Megarbane H, Cluzeau C, Bodemer C, Fraitag S,  Chababi-Atallah M, Megarbane A, et al. (2008) 
Unusual presentation of a severe autosomal recessive anhydrotic ectodermal dysplasia with a 
novel mutation in the EDAR gene. Am J Me d Genet A 146A:2657-62.
Meuter S, Schaerli P, Roos RS, Brandau O, Bosl MR, von Andrian UH, et al. (2007) Murine 
CXCL14 is dispensable for dendritic cell function and localization within peripheral tissues. Mol 
Cell Biol 27:983-92.
Mikkola ML (2007 ) Genetic basis of skin appendage development. Semin Cell Dev Biol 18:225-
36.
Mikkola ML, Millar SE (2006) The mammary bud as a skin appendage: unique and shared 
aspects of development. J Mammary Gland Biol  Neoplasia 11:187-203.
Mikkola ML, Pispa J, Pekkanen M, Paulin L, Nieminen P, Kere J, et al. (1 999) Ectodysplasin, 
a protein required for epithelial morphogenesis, is a novel TNF homologue and promotes cell-
matrix adhesion. Mech Dev 88:133-46.
Mi kkola ML, Thesleff I (2003) Ectodysplasin signaling in development. Cytokine Growth Factor 
Rev 14:211-24.
Mill P, Mo R, Fu H, Grachtchouk M, Kim PC, Dlugosz AA, et al. (2003) Sonic hedgehog-
dependent activation of Gli2 is essential for embryonic hair follicle development. Genes Dev 
17:282-94.
Millar SE (2002) Molecular mechanis ms regulating hair follicle development. J Invest Dermatol 
118:216-25.
Millar SE, Willert K, Salinas PC, Roelink H, Nusse R, Sussman DJ, et al. (1999) WNT signaling 
in the control of hair  growth and structure. Dev Biol 207:133-49.
Mina M, Kollar EJ (1987) The induction of odontogenesis in non- dental mesenchyme combined 
with early murine mandibular arch epithelium. Archives of oral biology 32:123-7.
Mittl PR, Priestle JP, Cox DA, McMaster G, Cerletti  N, Grutter MG (1996) The crystal structure 
of TGF-beta 3 and comparison to TGF-beta 2: implications for receptor binding. Protein science 
: a publication of the Protein Soc iety 5:1261-71.
Miyake A, Konishi M, Martin FH, Hernday NA, Ozaki K, Yamamoto S, et al. (1998) Structure 
and expression of a novel member, FGF-16, on the fi broblast growth factor family. Biochem 
Biophys Res Commun 243:148-52.
Mohan SK, Ran i SG, Yu C (2010) The heterohexameric complex structure, a component in the 
non-classical pathway for fi broblast growth factor 1 (FGF1) secretion. J Biol Chem 285:15464-
75.
Molyneaux KA, Zinszner H, Kunwar PS,  Schaible K, Stebler J, Sunshine MJ, et al. (2003) The 
chemokine SDF1/CXCL12 and its receptor CXCR4 regulate mouse germ cell migration and 
survival. Development 130:4279-86.
Monreal AW, F erguson BM, Headon DJ, Street SL, Overbeek PA, Zonana J (1999) Mutations 
in the human homologue of mouse dl cause autosomal recessive and dominant hypohidrotic 
ectodermal dysplasia. Nat Genet 22:366-9.
References
75
Mori-Aki yama Y, Van den Born M, Van Es J, Hamilton SR, Clevers H, De Crombrugghe B 
(2007) Sox9 is required for the differentiation of paneth cells and regulates intestinal epithelial 
cell proliferation. Gastroenterology 132: A381-A.
Morlon A, Munnich A, Smahi A (2005) TAB2, TRAF6 and TAK1 are involved in NF-kappaB 
activation induced by the TNF-receptor, Edar and its adaptator Edaradd. Hum Mol Genet 
14:3751-7.
Moser B, Loetscher P (2001) Lymphocyte traf fi c control by chemokines. Nature immunology 
2:123-8.
Mou C, Jackson B, Schneider P, Overbeek PA, Headon DJ (2006) Generation of the primary hair 
follicle pattern. Proc Natl Acad S ci U S A 103:9075-80.
Mou C, Thomason HA, Willan PM, Clowes C, Harris WE, Drew CF, et al. (2008)  Enhanced 
ectodysplasin-A receptor (EDAR) signaling alters multiple fi ber characteristics to produce the 
East Asian hair form. Hum Mutat 29:1405-11.
 Moynagh PN (2005) The NF-kappaB pathway. J Cell Sci 118:4589-92.
Mues GI, Griggs R, Hartung AJ, Whelan G, Best LG, Srivastava AK, et al. (2009) From 
ectodermal dysplasia to selective tooth agenesis. Am J Med Genet A 149A:20 37-41.
Muller-Rover S, Handjiski B, van der Veen C, Eichmuller S, Foitzik K, McKay IA, et al. (2001) 
A comprehensive guide for the accurate classifi cation of murine hair follicles in distinct hair 
cycle stages. Journal of Investiga tive Dermatology 117:3-15.
Muller M, Carter S, Hofer MJ, Campbell IL (2010) Review: The chemokine receptor CXCR3 and 
its ligands CXCL9, CXCL10 and CXCL11 in neuroimmunity--a tale of confl ict and conundrum. 
Neuropathol Appl Neurobiol 36:368-87.
Murdoc h JN, Copp AJ (2010) The relationship between sonic Hedgehog signaling, cilia, and 
neural tube defects. Birth defects research Part A, Clinical and molecular teratology 88:633-52.
Mustonen T, Ilmonen M, Pummila M, Kan gas AT, Laurikkala J, Jaatinen R, et al. (2004) 
Ectodysplasin A1 promotes placodal cell fate during early morphogenesis of ectodermal 
appendages. Development 131:4907-19.
Mustonen T, Pis pa J, Mikkola ML, Pummila M, Kangas AT, Pakkasjarvi L, et al. (2003) 
Stimulation of ectodermal organ development by Ectodysplasin-A1. Dev Biol 259:123-36.
Nagase T, Nagase M, Machida M, Yamagishi M (2007) Hed gehog signaling: a biophysical or 
biomechanical modulator in embryonic development? Ann N Y Acad Sci 1101:412-38.
Naito A, Yoshida H, Nishioka E, Satoh M, Azuma S, Yamamo to T, et al. (2002) TRAF6-defi cient 
mice display hypohidrotic ectodermal dysplasia. Proc Natl Acad Sci U S A 99:8766-71.
Nakamura M, Matzuk MM, Gerstmayer B, Bosio A,  Lauster R, Miyachi Y, et al. (2003) Control 
of pelage hair follicle development and cycling by complex interactions between follistatin and 
activin. FASEB J 17:497-9.
Naqvi SK,  Wasif N, Javaid H, Ahmad W (2011) Two novel mutations in the gene EDAR causing 
autosomal recessive hypohidrotic ectodermal dysplasia. Orthodontics & craniofacial research 
14:156-9.
Nara N, Nakayama Y, Okamoto S, T amura H, Kiyono M, Muraoka M, et al. (2007) Disruption of 
CXC motif chemokine ligand-14 in mice ameliorates obesity-induced insulin resistance. J Biol 
Chem 282:30794-803.
Narhi K, Jarvinen E, Birchmeier W, Taketo MM, Mikkola ML, Thesleff I (2008) Sustained 
epithelial beta-catenin activity induces precocious hair development but disrupts hair follicle 
down-growth and hair shaft formation. Deve lopment 135:1019-28.
References
76
Neubuser A, Peters H, Balling R, Martin GR (1997) Antagonistic interactions between FGF and 
BMP signaling pathways: a mechanism for positioning the sites of tooth formation. Cell 90:247-
55.
Newton K, French DM, Yan M, Frant z GD, Dixit VM (2004) Myodegeneration in EDA-A2 
transgenic mice is prevented by XEDAR defi ciency. Mol Cell Biol 24:1608-13.
Nickel W (2010) Pathways of unconventional protein secretion. Curr ent opinion in biotechnology 
21:621-6.
Nikolaev A, McLaughlin T, O’Leary DD, Tessier-Lavigne M (2009) APP binds DR6 to trigger 
axon pruning and neuron death  via distinct caspases. Nature 457:981-9.
Nishioka E, Tanaka T, Yoshida H, Matsumura K, Nishikawa S, Naito A, et al. (2002) Mucosal 
addressin cell adhesion molecule 1 plays an unexpected role in the development of mouse guard 
hair. J Invest Dermatol 119:632-8.
Nohe A, Hassel S, Ehrlich M, Neubauer F, Sebald W, Henis YI, et al. (2002) The mode of bone 
morphogenetic protein (BMP) receptor oligomerization determines different BMP-2 signaling 
pathways. J Biol Chem 277:5330-8.
Nowak J A, Polak L, Pasolli HA, Fuchs E (2008) Hair follicle stem cells are specifi ed and 
function in early skin morphogenesis. Cell Stem Cell 3:33-43.
Nusse R, Varmus HE (1982) Many tumors induced by the mouse mammary tumor virus contain 
a provirus integrated in the same region of the host genome. Cell 31:99-109.
Nusslein-Volhard C, Wieschaus E (1980) Mutations affecting  segment number and polarity in 
Drosophila. Nature 287:795-801.
Nwariaku FE, Liu Z, Zhu X, Nahari D, Ingle C, Wu RF, et al. (2004) NADPH oxidase mediates 
vascular en dothelial cadherin phosphorylation and endothelial dysfunction. Blood 104:3214-20.
Ohazama A, Courtney JM, Sharpe PT (2004 ) Opg, Rank, and Rankl in tooth development: 
co-ordination of odontogenesis and osteogenesis. Journal of dental research 83:241-4.
Ornitz DM, Xu J, Colvin JS, McEwen DG, MacArthur CA,  Coulier F, et al. (1996) Receptor 
specifi city of the fi broblast growth factor family. J Biol Chem 271:15292-7.
Orr-Urtreger A, Bedford MT, Burakova T, Arman E, Zimmer Y,  Yayon A, et al. (1993) 
Developmental localization of the splicing alternatives of fi broblast growth factor receptor-2 
(FGFR2). Dev Biol 158:475-86.
Ouji Y, Yoshikaw a M, Shiroi A, Ishizaka S (2006) Promotion of hair follicle development and 
trichogenesis by Wnt-10b in cultured embryonic skin and in reconstituted skin. Biochem Biophys 
Res Commun 345:581-7.
Pan Y, Bai CB, Joyner AL, Wang B (2006) Sonic hedgehog signaling regulates Gli2 
transcriptional activity by suppressing its processing and degradation. Mol Cell Biol 26:3365-77.
Papakonstanti EA, Stournaras C (2004) Tumor n ecrosis factor-alpha promotes survival of 
opossum kidney cells via Cdc42-induced phospholipase C-gamma1 activation and actin fi lament 
redistribution. Molecular biology of the cell 15:1273-86.
Park MH, Lee SM, Lee JW, Son DJ, Moon DC, Yoon DY, et al. (2006) ERK-mediated 
production of neurotrophic factors by astrocytes promotes neuronal stem cell differentiation by 
erythropoietin. Biochem Biophys Res Commun 339:102 1-8.
Pasparakis M, Luedde T, Schmidt-Supprian M (2006) Dissection of the NF-kappaB signalling 
cascade in transgenic and knockout mice. Cell Death Differ 13:861-72.
Paus R, Cotsarelis G (1999) The biology of hair follicles. The N ew England journal of medicine 
341:491-7.
References
77
Paus R, Foitzik K (2004) In search of the “hair cycle clock”: a guided tour. Differentiation 
72:489-511.
Pearce JJ,  Penny G, Rossant J (1999) A mouse cerberus/Dan-related gene family. Dev Biol 
209:98-110.
Petiot A, Conti F J, Grose R, Revest JM, Hodivala-Dilke KM, Dickson C (2003) A crucial role 
for Fgfr2-IIIb signalling in epi dermal development and hair follicle patterning. Development 
130:5493-501.
Phippard DJ, Weber-Hall S J, Sharpe PT, Naylor MS, Jayatalake H, Maas R, et al. (1996) 
Regulation of Msx-1, Msx-2, Bmp-2 and Bmp-4 during foetal and postnatal mammary gland 
development. Development 122:2729-37.
Pinheiro M, F reire-Maia N (1994) Ectodermal dysplasias: a clinical classifi cation and a causal 
review. American journal of medical genetics 53:153-62.
Pinson KI, Brennan J, Monkley S, Avery BJ, Skarnes WC (2000) An LDL-rece ptor-related 
protein mediates Wnt signalling in mice. Nature 407:535-8.
Pispa J. (2004) Ectodysplasin in ectodermal morphogenesis: from Tabby to TNFs.  University of 
Helsinki, Helsinki.
Pispa J, Jung HS, Jernvall J, Kettunen P, Mustonen T, Tabata MJ, et al. (1999) Cusp patterning 
defect in Tabby mouse teeth and its partial rescue by FGF. Dev Biol 216:521-34.
Pispa J, Pummila M, Barker PA, Thesleff I, Mikko la ML (2008) Edar and Troy signalling 
pathways act redundantly to regulate initiation of hair follicle development. Hum Mol Genet 
17:3380-91.
Platt KA, Michaud J, Joyner AL (1 997) Expression of the mouse Gli and Ptc genes is adjacent to 
embryonic sources of hedgehog signals suggesting a conservation of pathways between fl ies and 
mice. Mech Dev 62:121-35.
Plikus M V, Mayer JA, de la Cruz D, Baker RE, Maini PK, Maxson R, et al. (2008) Cyclic dermal 
BMP signalling regulates stem cell activation during hair regeneration. Nature 451:340-4.
Porntaveetus T, Otsuka-Tanaka Y, Basson  MA, Moon AM, Sharpe PT, Ohazama A (2011) 
Expression of fi broblast growth factors (Fgfs) in murine tooth development. Journal of anatomy 
218:534-43.
Porter JA, Ekker SC, Park WJ, von K essler DP, Young KE, Chen CH, et al. (1996) Hedgehog 
patterning activity: role of a lipophilic modification mediated by the carboxy-terminal 
autoprocessing domain. Cell 86:21-34.
Price MA  (2006) CKI, there’s more than one: casein kinase I family members in Wnt and 
Hedgehog signaling. Genes Dev 20:399-410.
Puls A, Eliopoulos AG, Nobes CD, Bridges T, Young LS, Hall A (1999) Activation of the small 
GTP ase Cdc42 by the infl ammatory cytokines TNF(alpha) and IL-1, and by the Epstein-Barr 
virus transforming protein LMP1. J Cell Sci  112 ( Pt 17):2983-92.
Pummila M, Fliniaux I, Jaatinen R, James MJ, Laurikkala J, Schneider P, et al. (2007) 
Ectodysplasin has a dual role in ectodermal organogenesis: inhibition of Bmp activity and 
induction of Shh expression. Development 134:117 -25.
Qing G, Qu Z, Xiao G (2005) Stabilization of basally translated NF-kappaB-inducing kinase 
(NIK) protein functions as a molecular switch of processing of NF-kappaB2 p100. J Biol Chem 
280:40578-82.
Rahighi S, Ikeda F, Kawasak i M, Akutsu M, Suzuki N, Kato R, et al. (2009) Specifi c recognition 
of linear ubiquitin chains by NEMO is important for NF-kappaB activation. Cell 136:1098-109.
References
78
Rappert A, Biber K, Nolte C, Lipp M , Schubel A, Lu B, et al. (2002) Secondary lymphoid 
tissue chemokine (CCL21) activates CXCR3 to trigger a Cl- current and chemotaxis in murine 
microglia. J Immunol 168:3221-6.
Razani B, Re ichardt AD, Cheng G (2011) Non-canonical NF-kappaB signaling activation and 
regulation: principles and perspectives. Immunological reviews 244:44-54.
Reddy S, Andl T, Bagasra A, Lu MM, Epstein DJ, Morrisey EE, e t al. (2001) Characterization of 
Wnt gene expression in developing and postnatal hair follicles and identifi cation of Wnt5a as a 
target of Sonic hedgehog in hair f ollicle morphogenesis. Mech Dev 107:69-82.
Reed WB, Lopez DA, Landing B (1970) Clinical spectrum of anhidrotic ectodermal dysplasia. 
Archives of dermatology 102:134-43.
Revest JM, DeMoerlooze L, Dickson C (2000) Fibroblast growth factor 9 secretion is mediated 
by a  non-cleaved amino-terminal signal sequence. J Biol Chem 275:8083-90.
Richardson GD, Bazzi H, Fantauzzo KA, Waters JM, Crawford H, Hynd P, et al. (2009) KGF 
and EGF signalling block hair follicle induction and promote interfollicular epidermal fate in 
developing mouse skin. Development 136:215 3-64.
Robinson GW, Hennighausen L, Johnson PF (2000) Side-branching in the mammary gland: the 
progesterone-Wnt connection. Genes Dev 14:889-94.
Romagnani P, Lasagni L, Annunziato F, Serio M, Romagnani S (2004) CXC chemokines: the 
regulatory link between infl ammation and angiogenesis. Trends in immunology 25:201-9.
Rotondi M, Chiovato L, Romagnani S, Serio M, Romagn ani P (2007) Role of chemokines in 
endocrine autoimmune diseases. Endocrine reviews 28:492-520.
Ruch JV, Lesot H, Begue-Kirn C (1995) Odontoblast differentiation. Int J Dev Biol 39:51-68.
Sakakura T, Kusano I, Kusakabe M, Inaguma Y, Nishizuka Y (1987) Biology of mammary fat pad 
in fetal mouse: capacity to support deve lopment of various fetal epithelia in vivo. Development 
100:421-30.
Sakakura T, Sakagami Y,  Nishizuka Y (1982) Dual origin of mesenchymal tissues participating in 
mouse mammary gland embryogenesis. Dev Biol 91:202-7.
Sandelin A, Wasserman WW, Lenhard B (2004) ConSite: web-based prediction o f regulatory 
elements using cross-species comparison. Nucleic acids research 32:W249-52.
Sapede D, Rossel M, Dambly-Chaudiere C, Ghysen A (2005) Role of SDF1 chemokine in 
the development of lateral line efferent and facial motor neurons. Proc Natl Acad Sci U S A 
102:1714-8.
Satish L, Yager D, Wells A (2003) Glu -Leu-Arg-negative CXC chemokine interferon gamma 
inducible protein-9 as a mediator of epidermal-dermal communication during wound repair. J 
Invest Dermatol 120:1110-7.
Sato N, Leopold PL , Crystal RG (1999) Induction of the hair growth phase in postnatal mice by 
localized transient expression of Sonic hedgehog. J Clin Invest 104:855-64.
Sayama K, Kajiya K, Sugawara K, Sato S, Hirakawa S, S hirakata Y, et al. (2010) Infl ammatory 
mediator TAK1 regulates hair follicle morphogenesis and anagen induction shown by using 
keratinocyte-specifi c TAK1-defi cient mice. P LoS One 5:e11275.
Scaffi di C, Krammer PH, Peter ME (1999) Isolation and analysis of components of CD95 (APO-
1/Fas) death-inducing signaling complex. Methods 17:287-91.
Schlake T (2007) Determination of hair structure and shape. Semin Cell De v Biol 18:267-73.
Schlunegger MP, Grutter MG (1993) Refi ned crystal structure of human transforming growth 
factor beta 2 at 1.95 A resolution. J Mol B iol 231:445-58.
References
79
Schmidt-Ullrich R, Aebischer T, Hulsken J, Birchmeier W, Klemm U, Scheidere it C (2001) 
Requirement of NF-kappaB/Rel for the development of hair follicles and other epidermal 
appendices. Development 128:3843-53.
Schmidt-Ullr ich R, Paus R (2005) Molecular principles of hair follicle induction and 
morphogenesis. BioEssays : news and reviews in molecular, cellular and developmental biology 
27:247-61.
Schmidt-Ullrich R, Tobin DJ, Lenha rd D, Schneider P, Paus R, Scheidereit C (2006) NF-kappaB 
transmits Eda A1/EdaR signalling to activate Shh and cyclin D1 expression, and controls post-
initiation hair placode down growth. De velopment 133:1045-57.
Schneider P, Street SL, Gaide O, Hertig S, Tardivel A, Tschopp J, et al. (2001) Mutations leading 
to X-linked hypohidrotic ectodermal dysplasia affect three major functional domains in the tumor 
necrosis factor family member ectodysplasin-A. J Biol Chem 276:18819-27.
Sengel P, Mauger A (1976) Peridermal cell patterning in the feather-f orming skin of the chick 
embryo. Dev Biol 51:166-71.
Shembade N, Ma A, Harhaj EW (2010) Inhibition of NF-kappaB signaling by A20 through 
disruption of ubiquitin enzyme complexes. Science 327:1135-9.
Shim JH, Greenblatt MB, Xie M, Schneider MD, Zou W, Zhai B, et al. ( 2009) TAK1 is an 
essential regulator of BMP signalling in cartilage. The EMBO journal 28:2028-41.
Shimomura Y, Christiano  AM (2010) Biology and genetics of hair. Annual review of genomics 
and human genetics 11:109-32.
Shin SY, Nam JS, Lim Y, Lee YH (2010) TNFalpha-exp osed bone marrow-derived mesenchymal 
stem cells promote locomotion of MDA-MB-231 breast cancer cells through transcriptional 
activation of CXCR3 ligand chemokines. J B iol Chem 285:30731-40.
Shiraha H, Glading A, Gupta K, Wells A (1999) IP-10 inhibits epidermal growth factor-induced 
moti lity by decreasing epidermal growth factor receptor-mediated calpain activity. J Cell Biol 
146:243-54.
Sick S, Reinker S, Timmer J, Schlake T (2006) WNT and DKK determine hair follicle spacing 
through a reaction-diffusion mechanism. Science 314:1447-50.
Siegel PM, Massague J (2003) Cytostatic and apoptotic actions of TGF-beta in homeostasis and 
cancer. Nature reviews Cancer 3:807-21.
Silke J (2011) The regulation of TNF signalling: wha t a tangled web we weave. Current opinion 
in immunology 23:620-6.
Sinha SK, Zachariah S, Quinones HI, Shindo M, Chaudhary PM (2002) Role of TRAF3 and - 6 in 
the activation of the NF-kappa B and JNK pathways by X-linked ectodermal dysplasia receptor. 
J Biol Chem 277:44953-61.
Smahi A,  Courtois G, Rabia SH, Doffinger R, Bodemer C, Munnich A, et al. (2002) The 
NF-kappaB signalling pathway in human diseas es: from incontinentia pigmenti to ectodermal 
dysplasias and immune-defi ciency syndromes. Hum Mol Genet 11:2371-5.
Smahi A, Courtois G, Vabres P, Yamaoka S, Heuertz S, Munnich A, et al. (2000) Genomic 
rearrang ement in NEMO impairs NF-kappaB activation and is a cause of incontinentia pigmenti. 
The International Incontinentia Pigmenti (IP) Consortium. Nature 405:466-72.
Smith J (1929) Hereditary Ectodermal Dysplasia. Archives of disease in childhood  4:215-26.
Sofaer JA (1969a) Aspects of the tabby-crinkled-downless syndrome. I. The development of 
tabby teeth. Journal of embryology and experimental morphology 22:181-205.
References
80
Sofaer JA (1969b) Aspects of the tabby-crinkled-downless syndrome. II. Observatio ns on the 
reaction to changes of genetic background. Journal of embryology and experimental  morphology 
22:207-27.
Sorensen EW, Gerber SA, Frelinger JG, Lord EM (2010) IL-12 suppresses vascular endothelial 
growth factor receptor 3 expression on tumor vessel s by two distinct IFN-gamma-dependent 
mechanisms. J Immunol 184:1858-66.
Sperling LC (1991) Hair anatomy for the clinician. Journal of the American Academy of 
Dermatology 25:1-17.
Srivastava AK, Pispa J, Hartung AJ, Du Y, Ezer S, Jenks T, et al. (1997) The Tabby phenotype is 
caused by mutation in a mouse homologue of the EDA gene that reveals novel mouse and human 
exons and encodes a protein (ectodysplasin- A) with collagenous domains. Proc Natl Acad Sci U 
S A 94:13069-74.
St-Jacques B, Dassule HR, Karavanova I,  Botchkarev VA, Li J, Danielian PS, et al. (1998) Sonic 
hedgehog signaling is essential for hair development. Curr Biol 8:1058-68.
Stenn KS, Paus R (2001) Controls of hair follicle cycling. Physiological Reviews 81:449-94.
Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, et al. (1996) The tumour-
suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 384:129-34.
Sugino H, Sugino K, Hashimoto O, Shoji H, Nakamura T (1997) Follis tatin and its role as an 
activin-binding protein. The journal of medical investigation : JMI  44:1-14.
Suzuki Y, Nakabayashi Y, Nakata K, Reed JC, Takahashi R (2001) X-linked inhibitor of apoptosis 
protein (XIAP) inhibits caspase-3 and -7 in distinct modes. J Biol Chem 27 6:27058-63.
Swee LK, Ingold-Salamin K, Tardivel A, Willen L, Gaide O, Favre M, et al. (2009) Biological 
activity of ectodysplasin A is conditioned by its collagen and h eparan sulfate proteoglycan-
binding domains. J Biol Chem 284:27567-76.
Taipale J, Cooper MK, Maiti T, Beachy PA (2002) Patched acts catalytically to suppress the 
activity of Smoothe ned. Nature 418:892-7.
Takeuchi M, Baichwal VR (1995) Induction of the gene encoding mucosal vascular addressin 
cell adhesion molecule 1 by tumor necrosis factor alpha is mediated by NF-kappa B proteins. 
Proc Natl Acad Sci U S  A 92:3561-5.
Tape MW, Tye E (1995) Ectodermal dysplasia: literature review and a case report. Compend 
Contin Educ Dent 16:524-8.
Ten sen CP, Flier J, Rampersad SS, Sampat-Sardjoepersad S, Scheper RJ, Boorsma DM, et al. 
(1999) Genomic organization, sequence and transcriptional regulation of the human CXCL 11(1) 
gene. Biochim Biophys Acta 1446:167-72. 
Tergaonkar V, Correa RG, Ikawa M, Verma IM (2005) Distinct roles of IkappaB proteins in 
regulating constitutive NF- kappaB activity. Nature cell biology 7:921-3.
Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, et al. (2009) Involvement of 
linear polyubiquitylation of NEMO in NF-kappaB activation. Nature cell biology 11:123 -32.
Tolwinski NS, Wehrli M, Rives A, Erdeniz N, DiNardo S, Wieschaus E (2003) Wg/Wnt signal 
can be transmitted through arrow/LRP5,6 and Axin independently of Zw 3/Gsk3beta activity. Dev 
Cell 4:407-18.
Tong X, Coulombe PA (2006) Keratin 17 modulates hair follicle cycling in a TNFalpha-
dependent fashion. Genes Dev 20:1353-64.
Topol LZ, Bardo t B, Zhang Q, Resau J, Huillard E, Marx M, et al. (2000) Biosynthesis, post-
translation modifi cation, and functional characterization of Drm/Gremlin. J Biol Chem 275:8785-
93.
References
81
Tucker AS, Headon DJ, Schneider P, Ferguson BM, Overbeek P, Tschopp J, et al. (2000) Edar/
Eda interactions regulate enamel knot formation in tooth  morphogenesis. Development 127:4691-
700.
Tummers M, Thesleff I (2003) Root or crown: a developmental choice orchestrated by the 
differential regulation of the epithelial stem cell niche in t he tooth of two rodent species. 
Development 130:1049-57.
Tummers M, Thesleff I (2009) The importance of signal pathway modulation in all aspects 
of tooth development. Journal of experiment al zoology Part B, Molecular and developmental 
evolution 312B:309-19.
Turing AM (1952) The chemical basis of morphogenesis. Philosophical Transactions of the 
Royal Society of London Series B-Biological Scie nces 237:37-72.
Turner N, Grose R (2010) Fibroblast growth factor signalling: from development to cancer. 
Nature reviews Cancer 10:116-29.
Ulvmar MH, Sur I, Memet S, Toftgard R (2009) Timed NF-kappaB  inhibition in skin reveals dual 
independent effects on development of HED/EDA and chronic infl ammation. J Invest Dermatol 
129:2584-93.
Umbhauer M, Penzo -Mendez A, Clavilier L, Boucaut J, Riou J (2000) Signaling specifi cities of 
fi broblast growth factor receptors in early Xeno pus embryo. J Cell Sci 113 ( Pt 16):2865-75.
Uren AG, Pakusch M, Hawkins CJ, Puls KL, Vaux DL (1996) Cloning and expression of 
apoptosis inhibitory protein homologs that function to inhibit apopto sis and/or bind tumor 
necrosis factor receptor-associated factors. Proc Natl Acad Sci U S A 93:4974-8.
Vaahtokari A, Aberg T, Jernvall J, Keranen S, Thesleff I (1996) The enamel knot as  a signaling 
center in the developing mouse tooth. Mech Dev 54:39-43.
Vainio S, Karavanova I, Jowett A, Thesleff I (1993) Identifi cation of BMP-4 as a signal mediating 
secondary induction between epithelial and mesenchymal tissues during early tooth devel opment. 
Cell 75:45-58.
Valera E, Isaacs MJ, Kawakami Y, Izpisua Belmonte JC, Choe S (2010) BMP-2/6 heterodimer 
is more effective than BMP-2 or BMP-6 h omodimers as inductor of differentiation of human 
embryonic stem ce lls. PLoS One 5:e11167.
Wajant H (2003) Death receptors. Essays in biochemistry 39:53-71.
Walczak H (2011) TNF and ubiquitin at the crossroads of gene a ctivation, cell death, 
infl ammation, and cancer. Immunological reviews 244:9-28.
van Genderen C, Okamura RM, Farinas I, Quo RG, Parslow TG, Bruhn L, et al. (1994) 
Development of sever al organs that require inductive epithelial-mesenchymal interactions is 
impaired in LEF-1-d efi cient mice. Genes Dev 8:2691-703.
Van Mater D, Kolligs FT, Dlugosz AA, Fearon ER (2003) Transient activation of beta -catenin 
signaling in cu taneous keratinocytes is suffi cient to trigger the active growth phase of the hair 
cycle in mice. Genes Dev 17:1219-24.
Veltmaat JM, Mailleux AA, Thiery JP, Bellusci S (2003) Mouse embryonic mammogenesis as a 
model for the molecular regulation of pattern formation. Differentiation 71:1-17.
Veltmaat JM, Van Veelen W,  Thiery JP, Bellusci S (2004) Identifi cation of the mammary line in 
mouse by Wnt10b expression. Dev Dyn 229:349-56.
Verstrepen L, Verhelst  K, van Loo G, Carpentier I, Ley SC, Beyaert R (2010) Expression, 
biological activities and mechanisms of action of A20 (TNFAIP3). Biochemical pharmacology 
80:2009-20.
References
82
Vidal VP, Chaboissier MC, Lutzkendorf S , Cotsarelis G, Mill P, Hui CC, et al. (2005) Sox9 is 
essential for outer root sheath differentiation and the formation of the hair stem cell compartment. 
Curr Biol 15:1340-51.
von Bubnoff A, Cho KW (2001) Intracellular B MP signaling regulation in vertebrates: pathway 
or network? Dev Biol 239:1-14.
Voutilainen M, Lindfors PH, Lefebvre S, Ahtiainen L, Fliniaux I, Rysti E, et al. (2012) 
Ectodysplasin regulates hormone-independent mammary ductal morphogenesis via NF-kappaB. 
Proc Natl Acad Sci U S A In press.
Walsh DW, Godson C, Brazil DP, Martin F (2010) Extracellular BMP-antagonist regulation in 
development and disease: tied up in knots. Trends in cell biology 20:244-56.
Walsh MC, Choi Y (2003) Biology of the TRANCE axis. Cytokine Growth Factor Rev 14:251-
63.
Walterhouse DO, Yoon JW, Iannaccone PM (1999) Developmental pathways: Sonic hed gehog-
Patched-GLI. Environmental health perspectives 107:167-71.
Wang J, Devgan V, Corrado M, Prabhu NS, El-Deiry WS, Riccardi C, et al. (2005) 
Glucocorticoid-induced tumor ne crosis factor receptor is a p21Cip1/WAF1 transcriptional target 
conferring resistance of keratinocytes to UV light-induced apoptosis. J Biol Chem 280:37725-31.
Wang L, Du F, Wang X (2008) TNF-alpha induces two distinct caspase- 8 activation pathways. 
Cell 133:693-703.
Wartlick O, Kicheva A, Gonzalez-Gaitan M (2009) Morphogen gradient formation. Cold Spring 
Harb Perspect Biol 1:a001255.
Watson CJ, Khaled WT (2008) Mammary development in the embryo and adult: a journey of 
morphogenesis and comm itment. Development 135:995-1003.
Weatherbee SD, Anderson KV, Niswander LA (2006) LDL-receptor-related prote in 4 is crucial 
for formation of the neuromuscular junction. Development 133:4993-5000.
Wells KL, Mou C, Headon DJ, Tuck er AS (2011) Defects and rescue of the minor salivary glands 
in Eda pathway mutants. Dev Biol 349:137-46.
Whit man M (1998) Smads and early developmental signaling by the TGFbeta superfamily. Genes 
Dev 12:2445-62.
Willert K, Br own JD, Danenberg E, Duncan AW, Weissman IL, Reya T, et al. (2003) Wnt 
proteins are lipid-modifi ed and can a ct as stem cell growth factors. Nature 423:448-52.
Wilson NS, Dixit V, Ashkenazi A (2009) Death receptor signal transducers: nodes of coordination 
in immune signaling networks. Nature immunology 10:348-55.
Wisniewsk i SA, Trzeciak WH (2012) A rare heterozygous TRAF6 variant is associated with 
hypohidrotic ectodermal dysplasia. Br J Dermatol.
Xu Q, Wang Y, Dabdoub A, Smallwood PM, Williams J, Woods C, et al. (2004) Vascular 
development in the retina and inner ear: co ntrol by Norrin and Frizzled-4, a high-affi nity ligand-
receptor pair. Cell 116:883-95.
Yamaguchi K, Nagai S, Ninomiya-Tsuji J, Nishita M, Tamai K, Irie K, et al. (1999) XIAP, a 
cellular member of the inhibitor o f apoptosis protein family, links the receptors to TAB1-TAK1 
in the BMP signaling pathway. The EMBO journal 18:179-87.
Yamamoto Y, Gaynor RB (2004) IkappaB kinases: key regulators of the NF-kappaB pathway. 
Trends  Biochem Sci 29:72-9.
Yan M, Wang LC, Hymowitz SG, Schilbach S, Lee J, Goddard A, et al. (2000) Two-amino acid 
molecular switch in an epithelial morphogen that regulates binding to two distinct receptors. 
Science 290:523-7.
References
83
Yan M, Zhang Z, Bra dy JR, Schilbach S, Fairbrother WJ, Dixit VM (2002) Identifi cation of a 
novel death domain-containing adaptor molecu le for ectodysplasin-A receptor that is mutated in 
crinkled mice. Curr Biol 12:409-13.
Yanagawa S, van Leeuwen F, Wodarz A, Klingensmith J, Nusse R (1995) The dishevelled protein 
is modifi ed by wingless signaling in Drosophila. Genes Dev 9:1087-97.
Yang A, Wilson NS, Ashkenazi A (2010) Proapoptotic DR4 and DR5 signaling in cancer cells: 
toward clinical translation. Curr Opin Cell Biol 22:837-44.
Yano H, Chao MV (2000) N eurotrophin receptor structure and interactions. Pharmaceutica acta 
Helvetiae 74:253-60.
Yates CC, Whaley D, A YC, Kulesekaran P, Hebda PA, Wells A (2008) ELR-neg ative CXC 
chemokine CXCL11 (IP-9/I-TAC) facilitates dermal and epidermal maturation during wound 
repair. Am J Pathol 173:643-52.
Yates CC, Whaley D, H ooda S, Hebda PA, Bodnar RJ, Wells A (2009) Delayed reepithelialization 
and basement membrane regeneration after w ounding in mice lacking CXCR3. Wound Repair 
Regen 17:34-41.
Yates CC, Whaley D, Kulasekeran P, Hancock WW, Lu B, Bodnar R, et al. (2007) Delayed and 
defi cient dermal maturation in mice lacking the CXCR3 ELR-negative CXC chemokine receptor. 
Am J Pathol 171:484-95.
Yoshida H, Naito A, Inoue J, Satoh M, Santee-Cooper SM, Ware CF, et al. (2002) Different 
cytokines induce surface lymphotoxin-alphabe ta on IL-7 receptor-alpha cells that differentially 
engender lymph nodes and Peyer’s patches. Immunity 17:823-33.
Yoshida Y, Tanaka S, Umemori H, Minowa O, Usui M, Ikematsu N, et al. (2000) Negative 
regul ation of BMP/Smad signaling by Tob in osteoblasts. Cell 103:1085-97.
Yue J, Mulder KM (2001) Transforming growth factor-beta signal transduction in epithelial cells. 
Pharmacology & therapeutics 91:1-34.
Zhang J, Han D, Song S, Wang Y, Zhao H, Pan S, et al. (2011) Correlation between the 
phenotypes and genotypes of X-linked hypohidrotic ectodermal dysplasia and non-syndromic 
hypodontia caused by ectodysp lasin-A mutations. European journal of medical genetics 54:e377-
82.
Zhang Y, Andl T, Yang SH, Teta M, Liu F, Seykora JT, et al. (2008) Activation of beta-catenin 
signaling programs embryonic epidermis to hair follicle fate. Development 135:2161-72.
Zhang Y, Tomann P, Andl T, Gallant NM, Huelsken J, Jerchow B, et al. (2009) Reciprocal 
requirements for EDA/EDAR/NF-kappaB and Wnt/beta-catenin signaling pa thways in hair 
follicle induction. Dev Cell 17:49-61.
Zhang Z, Yu X, Zhang Y, Geronimo B, Lovlie A, Fromm SH, et al. (2000) Targeted misexpression 
of constitutively active BMP recep tor-IB causes bifurcation, duplication, and posterior 
transformation of digit in mouse limb. Dev Biol 220:154-67.
Zhou P, Byrne C, Jacobs J, Fuchs E (1995) Lymphoid enhancer factor 1 directs hair follicle 
patte rning and epithelial cell fate. Genes Dev 9:700-13.
Zlotnik A, Yoshie O (2000) Chemokines: a new classifi cation system and their role in immunity. 
Immunity 12:121-7.
Zlotnik A, Yoshie O, Nomiyama H (2006) The chemokine and chemokine recepto r superfamilies 
and their molecular evolution. Genome biology 7:243.
Zonana J, Elder ME, Schneider LC, Orlow SJ, Moss C, Golabi M, et al. (2000) A n ovel X-linked 
disorder of immune defi ciency and hypohidrotic ectodermal dysplasia is allelic to incontinentia 
pigme nti and due to mutations in IKK-gamma (NEMO). Am J Hum Genet 67:1555-62.
References
84
Zou YR, Kottmann AH, Kuroda M, Taniuchi I, Littman DR (1998) Function  of the chemokine 
receptor CXCR4 in haematopoiesis and in cerebellar development. Nature 393:595-9.
References
